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a velocity v along the gamma-ray ection 18 shifted by a first.
order linear Doppler ellect

Ep = vic Eol

bauer spectroscopy in transmission
2). The source is mounted on & Ioudspcukcr.-likc
h is excited by @ siglml generator to a periodic
ion mode. The gamma-rays are counted by a
multichannel analyser synchronised

Ihe typical experimental setup for Mdass

peometry is shown on Fig. 3.3(
electromechanical system whic
movement in a constant accelerat
vamma detector. The result is stored in a

by the signal generator,
ative transnission (in percent) vs.

nted as the rel .
d to energy by using eq.

I'he spectrum is typically prese
ily be converte

the velocity (in mnvs), which can ¢as
(1.
I. Hyperfine interactions

The interaction between the nuclear charge and magnetic moment on

one side and electronic charges and moments of the absorber atom itself and on

atoms on the other side are known as hyperfine interactions. These
and thus also the transition energies)

aluable informations about the

surrounding
interactions influence the nuclear levels (

in a characteristic way and allow to obtain v
absorber atom and 1ts surrounding.
n hyperfine interactions can be distinguished:

Three mai
ole interaction, detectable as a line shift (isomer shift)

i) electric monop

1) electric quadrupole interaction, detectable as a line splitting (quadrupole
splitting)

iii) magnetic dipole interaction, detectable as a line splitting (nuclear

Zeeman effect).

11.1. Isomer shift

The clectric (Coulomb) interaction between the nuclear charge
distributed over a finite nuclear radius R, and the charges of all SlllTOUﬁd;“ﬁ
clectrons furnishes an additional energy to all nuclear levels. Because R is
different in the groqnd and excited states, the energy shift isl also different
Therefore the transition energy is also shified by an amount depending on ¢
electron density within the volume of the nucleds. Thus, the shi?l" a iénealﬁlm3
of the number of electrons on an atom, ie. of its O;Cydalion sltsate s co-
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(} nucleus of the same isotope in the absorber, which is usually our sample (Fig.
f\.1). Typical gamma energies lie in the range 5 ... 200 keV. Emission and

absorption lines are extremely narrow (107 ., 1077 eV).

The recoil energy transferred to the nucleus by the absorption or

. emission process (conservation of energy and momentum) lies in the range 10

. 10" eV. Emission lines are shifted to lower energics, absorption lines to
higher energies by an amount equal to the recoil energy. As this energy is
several orders of magnitude greater than the line width, absorption and
emission lines are generally out of resonance. From this follows that only
recoil-free absorptmnicnmsmn processes (1.e. without excitation of phonons in
‘the source or the absorber) contribute {o the Méssbauer effect. In this case, the
recoil energy is absorbed bw the crystal lattice as a whole and not by a single
atom, This imphies that Maéssbauer spectroscopy is limited to sohd samples.
Eiztzmc 1sotopes with particularly high gamma energies ('*'Sb: E = 37.15 keV,

Te: E = 3546 keV) require that source and absorber be cooled to liquid

helium temperature to increase the fraction of recoil-free absorption/emission
processes.

$7Co
270

Capture K

1=52 t=8Tns

136.4 keV 1220 keV-

=32 — t=9781ns

14.4 keV Y

1=112

S'Fe S'Fe

Source Absorber

—— .

Figure 3.3: /R@onam absorpiion_of gammu radiation by *’Fe. The mother
isotope is "Co, which rransfo:ms 1o ° Fe by K capture. Transition to the

nuclear ground state of ° Fe produces the 14.4 keV gamma radigtion used for
Méssbauer spectroscopy.

The extremely narrow spectral lines cannot be resolved by gmﬁma detectors.
Instead, the energy of the gamma-rays from the source is slightly varied by the
Doppler effect. The energy of gamma-rays emitted from a nucleus mov g with
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ymmetry arm

p-type bonding. A possible explanation for mcj "'ﬁ;ﬁ,f charact:rar -
observed is that the bonding orbitals have aboul l pﬂ of the type MX_ (f

Structural information: A number of &roUP " h;;'?qﬁc. The basic haios:
example, A Br,) have been studied by the NOQER losely spaced together and
spectrum consists of three resonance hne: Lo e © r;ance frequencies are
are far above the third The fact thal different rcs?chcm;ca!lv equivalent
observed for the same nuclei indicates that they arc r.“:lqt as dimmers and there
Thas 1s supported by the x-ray data that thc§c mhdhc:t:ﬁ‘im o 698 pomitions

are two types of halogen atoms correspondin N

X X X

_g!ot

M M
A\ X X

The small difference of one set of resonance
a slight difference of the crystalline ficld arou

of gatoms

‘udy of charge-transfer compounds C harge-transfer compounds are believed
10 be formed when equimolor CBrs and p- ylene are brought together. The
same is true for mixtures of CCl and p-xyle .. e and Br, and benzene. Hooper
has studied the frozen solutions of these mixtures and found that ﬂ}crreso{mre
frequencies of the halogens are not appreciably different from those in the pure

molecular state’ The conclusion therefore is that there 1s 2 lack of “charge
transfer” of these compounds in the ground state.

3.4 Mossbauer spectroscopy

Maossbauer spectroscopy 1s @ means to study the various steps of a
synthesis or a charge/discharge process of electrode materials, in situ by
using specific test cells or ex situ by extracting the material from the cell ata
given point of the charge discharge curve. It allows to study the bulk (m
transmission geometry) as well as the surface alone (in scattering geometry)
Fach absorber atom contributes to the absorption spectrum independently from
all other atoms. There 1s thus no restnction concerning a domain size like m x-
ray diffrachion. The technique allows therefore the study of mnanostructured
materials. Mdssbauer spectroscopy 1s further very useful because it can give
information not only on static properties (such as crystal structure, magl;euc
properties, ‘alence state, bonding) but also on dynamic mm‘s (such as
diffusion, mechanic vibrations of nanoparticles, superparamagnetic vl

L~ . » 5 relaxation,

electron hdpping. ¢ic)

3.5 Principle of Massbauer spectroscopy
The technique is ajwo“.n as “recoil-f
Lﬁﬁ;{,’ esonant absorption of

gamma radhation”. The source s a radicaciive m -
. s i st - e altenal” containin ired
et~ MVCELNY g the des:

frequencies 1S though to be due 1o
nd the chemically equivalent set

2 isatope.-lts decay populates the excit
nother iSOLOPS. the wapced nuclear state of the Mossbauer

z?ahsmon o 1ts _nucl&r ground state. This 'i-'adi-'ﬁilm ca;s:d gé?: bsepbc tm-scop\t" by
- - - g W ‘- abs o;bed/}j
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eQgmoi = (1 —s+d - t — x) €Qqaiom
Table 4-1 Kowns the €Qqmo and €QQqu.m values for some halogen compounds

bone. For example eQquq of chlorine in KCl is almost zero, indicating that the
molecule must be essentially ironic.

APPLICATIONS

Nature of chemical bond NQR is most frequently employed to
investigate the electronic structure of molecules. As Egs. (2-15) and (2-16)
show, a comparison of a nuclear quadrupole coupling constant in the atomic
and molecular state for the same nucleus provides information regarding the
extent of hybridization and the ionic character of the bond.

t If w in the bonding orbital for the AB molecule, then
y =agatbds

and the ionic character / is defined as [ = a® — b, if A is more electronegative
than B.

Unfortunately there are usually too many unknowns involved, and it 1s not
often possible to deduce the exact nature of bonding simply from the NQR data
alone. Thus the same data are interpreted differently by different scientists.
Here we shall discuss a more clear-cut example—the bonding in H 2S. The
electronic configuration of sulfur is [Ne]3s’p* and because HSH in HS is
nearly 90° it had been assumed for many years that pure p orbitals of sulfur
were involved in the bonding. However, the NCR measurement of H,S
showed a large asymmetry parameter of 7=0.60 for sulfur’. In an

asymmetric molecule the EFG along the three axes can be written as

N + N,

eQqz = (__'2_‘. _N;J €Qdatwom
N.+N '

quW= (—_—2—" “’N__v} qu:nom
N_+N,

eQqss = ( 3 2" } _N,} eQQqatom

where N,, N, and N; are the effective electron populations of the P,, P, and ps
orbitals of the atom. Hence 7n can be written as

Il = q::_qn = 3("Nr'r—_l\f:) =_0.60
qff N: + N" T 2NI .

If we let the p, orbital contain the lone pair, we have N; =2 and 1.33 N, =N, +
1. 1t is clear that N, cannot be equal to N, and therefore we do not have pur
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NQR spectra can be obtained only for solids. In liquids and gases, at
normal pressure, collision between molecules changes the axis of rotation
continuously, and consequently the EFG at the nucleus will be averaged to
zero. Because of this indication, NQR does not have the same range of
applications as NMR (fig.2.3).

3.3 Theory NQR in atoms:

In an atom the EFG at the nucleus is due to the electrons in the various
\/'alqnce shells. Closed shells have spherical symmetry and do not contribute to
‘the field gradlent 1. The same is true for electrons in the orbitals. Thus only the
p and d electrons in the valence shells contribute to the EFG. For an atom
having one valence electron, the EFG, qatom, is given by

Jatom = € J‘ ’j}’ (MJ ¢dr

r

'/) B

where ¢ is the electronic wave function and 6 the angle between the fixed z
axis ih space and the radius vector r (from the nucleus to the electron). ¢ can
be separated into the angular and radial parts with the result that

_ 2e (L]
e T

where ! is the orbital angular momentum of the electron and (1/%),, is the
averagé distance between the nucleus and the electron.

The quantity of prime interest is, of course, the EFG, since it tells us
about the electronic structure of the atom. Nuclear quadrupole coupling
constants of a number of atoms have been measured by the atomic-beam
technique, and the EFGs for atoms of known quadrupole moment Q have been
evaluated. They agree quite well with the calculated values.

Nuclear quadruple coupling in molecules

73

V-

O~



slern lectrons §
, . the valence © ons 15
In a molecule the EFG at a particular nucleus dUe o
given by
Gatomn J’ w .E(zcniﬁ ‘” . } -’ '//dr
g According the theory

“,(_;UOM' ’,
n of the € be expanded in termg

where w is the molecular wave functio : )
g function €an

of Townes and Dailey,” the molecular wave
of the atomic wave functions.
y= Z‘uiﬁ

I (; at a nucleus are due to the
| bonding as well as p-type
the molecule and the
|5 are all negligible- Ina molecule,

hybridization of the

ds on the C '
d. The equation relating the

contributions of Ef
with the chemica '
due to other charges in

They showed that the dominant
p-type valence electrons associated
long-pair electrons. Contributions
various polarization effects on the inner shel
the electronic structure near a nucleus depen
bonding orbital and the ionic character of the bon
auclear quadrupole constants

6 o 127
Table 3-1, Nuclear quadrupole coupling constants of C1*%, Br, and /" and

of a halogen atom to that measured in an isolated atom e

where s and d denote the amount of r and a cha
is the ionic character of the bond. § Whep 4
helow is modified to give

some of their compounds? -
Molecule Q0o (MHzZ) Molecule eQqmo (MH:z) |

Cl (atomic) -109.7 Br (atomic) 769.7 E
BrCl -103.6 BrCi 876.8 |
ICI 182.5 LiBr 37.2 i
FCI -142.9 ' NaBr 58 ;
KCl 0.04 KBr 10.2 i
RbC] 077 | CHiBr 5289 |
CaCl 3 I (atomic) 2292 8% |
CH,Cl -74.7 Nal -259.9 é
i 60 |

+ Values taken, with permission, from C. H. Tow
g - H. nes 3 : y
Microwave Spectroscopy,” MxGraw Hill Book Ca;r(li?p/:nl; Tig‘j:‘:’lg:‘,

1955:

i | Y
eQqmo = [1 =s+d—i(1 -5 - a)] ¢Qqir Qawm 1S given by
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t)of the angle. Frequently q is simply

Where E is proportional to a function A
replaced by g so that

E=eQqfl ) . sponding o this are given by
The energy levels for a nucleus having spin I corresp

M,  —-1({+1)
—1 ——_-_________
’ qu[ 41(21-1)
ling constant. Figure 4-2 shows the

where eQq is the nuclear quadrupole coup o icleus having 1= 3
'“Sﬁlifﬁng Ak i A The resonance condition
Because of the M,® term in only one lin€ i observed. 1h
nis
AE=hv= 7 eQq

For most nuclei, v is in the megahertz ran

quadrupole resofiance (NQR like NMR is branch of -1 spect
- '—‘.\,v'\/\‘/\/\/‘l/],/

3 q/‘z # qV“ * q.r.c
L his is the most complex case. The energy of interaction 18 given by

ta|—

ge and for his reason nuclear
roscopyj

1

s ‘?Qq 2 UZJE
Bt ~II+ D] 1+
41(21—1)[3M’ : )][ 3

Where 7, the asymmetry parameter, is given by

_9--9.

q.
The M, degeneracy of the energy levels is removed for nuclei having integral
signs if 7 # 0. For half-integral spins the M, degeneracy is unaffected whether
717 is zero or not. Figure 4-3 shows the splitting of the quadrupole energy levels
for I =1. An example of 7 # 0 is the chlorine nucleus in CH, = CHCI.

n

3.2 Experimental techniques

Unlike the NMR experiment where an external magnetic field is
required to remove the M, degeneracy, the electric field required in an NQR
experiment is provided by the electrons in the molecule. This means that the
transition frequencies are fixed by the electronic structure of the molecul 6. aind
we observe the resonance by varying the frequency instead of the field F" re
shows the schematic diagram of an NQR Spectrometer. Pou ;3 . Figu f
oscillator is supplied to a previously balanced bridge Cii‘cu‘t ;r rom a r-
energy is absorbed by the sample in the inductive coij] a ld .t resonance,
imbalance in the circuit. The resultant output voltage i t}? this causes an
recorded. Spectra obtained this way are often calleq b en amplified and

€ pure quadrupole

resonance spectra since the electric quadrupole
: co
obtained from the fine structure of the rotational SPECtrr;Stant eQq can also be
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This comresponds to the special symmetry of the field gradwment; all
onentabons of the quadrupole moment with the field have the same energy;
consequently the degeneracy corresponding 10 M, is not removed, and no
resonance can ocour. An example of this is the chlonde 1on Ck The closad-
sheil structure has a sphenical symmetry and EFG at the nucleus along the three
axes are the same?

29,=q,*q,
This comresponds 1o the axial symmetry along the z axis. For example,
m the FCl molecules, the EFG at the chlonne nucleus along the F—Cl bond.

defined as the z axis. is different fro those along the x and y axes. According to
the Laplace equation.

&V &v &F
— = — - — =0
ox” oy c

We have
q = "_—,,:q Iz 3 —q ™

For axial symmetry. Since any two of the field gradients are determined by the
third, 1t s only necessary 10 use one parameter to define the field in
homogenenty. The standard convention 1s to choose g andd:cmm of
lmcmcuonbetmecnd:cquadrq:oleandtheﬁeldemd:cmlsm\enb\f1

fo WP U, \'-s_—

E= CQQ’(‘\
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W“I}, Q= [ pr'(3cos” g=1)dr .

Where o is the nuclear charge density, T is the distance from the ongwm w© g,
element dr, and @ is the angle between T and the spit axas. \it &i. “\m
possessing a quadrupole moment is placed in an inhOMOFENEOUS Siecine fgy
. mémﬁn&hl energy OfﬁieQumimpok mll \a.n depﬂkluQ. on :h.e MICNIIt0R o
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. - fairly |
e _ : i f the triplet state are fairly Jop
excited 10 a higher singlet state. The lifetimes O ansition from the triple; 1

(of the order of seconds), the reason being that the tr ion rule is AS =

the singlet state is spin-symmetry-forbidden. (The o h concentratj o
These triplet molecules are paramagnetic, and if a high enogf perfo O%:S
maintained, we might expect that ESR CxPenmems e srion SHtaTar wd“i
hamiltonian operator for the triplet molecule fif}‘b_e wntten hsnathi oo to_
that for the doublet state: ~—— ~

F
=z

SUMMERY:

~ Nuclear Magnetic Resonance (NMR_),,Ii  Banch o tsj}c)e:rtgsco]i)\’/ iln
which radio frequency wave induce transitions between magne gyh %
of nuclei of a molecule. Electron Spin Resonance spec'trosfi)olt)a);l eavmg
frcquency in the microwave region is absorbed by paramagnetic substances.
SELF — ASSESSMENT QUESTIONS:

1. Without the magnetic field, the spin states of nuclei are
(degenerate).

2. The range of nuclear quadrupole interactions is such that the
transition frequencies can occur anywhere between KHz
to___MHz making detection by a single spectrometer very
difficult.

P Ans: (1-10)
" 3. Nuclear spins can be determined by ESR. a) True b) False.
UNIT QUESTIONS

1. Explain the theory of NMR spectroscopy.

=,

-+ Zdip + &vs

zeeman

2. Give the applications of NMR spectroscopy,.

3. State the principle and working of ESR spectroscopy.
4. Briefly explain the theory of ESR spectroscopy.

5. Short note on applications of ESR spectrosc.opy. .
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o

givalent nuclear. In
molecule can sometimes be deduced from the S€ts f‘::l ?ﬁOﬂ“"’“"“ A Oy
some cases, however, ESR soluble to provide MS€UE oo ermination of the
shape of the radicals. An interesting example of ‘l’:'cs roduced 10 the sohd state
methyl radical structure. The methyl radical can - r?ave one of the following
by high-energy irradiation of CH:l matrix. 1t may rresponds 10 3 sp” and the
two structures: planar and tetrahedral. The first COMSE. Trop spectrum of
second corresponds to a sp- hybnidized carbon atom. jvalent protons) with a
“‘CH; shows the expected four hnes (from the r_.hree 'qume

splitting of 25 G. Recalling McConnell's equation W& W

an = Qcup - 1 we obtain a

. g . . a S oSGl
which is derived for planar ~ radicals. Using ap = = (-,l e o[t’!lﬂincd for most
value of 25 G for Q.. which is very close 10 i \‘;:l radical has a planar
aromatic radicals. This would seem to suggest that meth) tive proof of the

gy o v si
structure. However. the observed splittings are not p(()i just how large the
planarity of -CH: for we do not know on theoretical grounds J -

proton HSC would be if -CH; were not planar. On the other hand “e;‘:’; n(];ak.e
reasonable theoretical estimates of the C'“Ha: radical, a S_l?h“'“g ol ’ s
obtained * If the methyl radical were tetrahedral, the unpaired electron “?UIS
be in one of the sp” hybrid orbital. This would have 25 percent a character,

and the interaction with the C" nucleus, according to theoretical calculations,
would give a splitting of 300 G. The much smaller splitting constant observed
can only be taken to mean that the unpaired electron has very small amount of a
character; that is, it is in a predominantly p,-type orbital. Therefore, methyl

radical is most likely to be planar. ] \\‘/VV/,
‘Study of unstable paramagnetic speeies:

W[ Many chemical reactions are known to involve the formation of
paramagnetic intermediates at one stage or another, and their identification is
important in mechanistic studies. Most of these radicals are unstable because
of their high reactivities. In order to maintain a high enough steady
concentration for ESR studies, the rapid-flow system is usually employed. The
compounds whose interaction yields the paramagnetic intermediates are mixed
shortly before the mixture flows through the cavity of the ESR spectrometer.
The usual arrangement is to pass two jets of solutions into a mixing chamber
which is directly under the cavity, and the mixed solution then flows through
the cavity under hydraulic pressure. In this Way a steady concentration of the
radicals can be maintained. With proper adjustment of pressure, rad; (,)1 f
lifetimes of about 0.01 sc have been studied. Figure 6-11 sho;v;at;l? éS(;l

spectrum of -CH; - OH and CH> - CH - OH
t The four sp” hybrid orbitals, in Cartesians coorg; elies ‘are
Q= 1 (s¥p;— Py +py)
D2 = 3 (5P, —py + py)
D3 = 1 (s+p, — p + ps)
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in the plane of the molecule, that s, the wave function 1s zero at the nucleus

How do we then account for the observed hyperfine structure” Qualintatively,
the ongin of hyperfine interaction can be explained by considenng the >C-H of
an aromatic system. A C-H o -bonding orbital 1s forms the overall of the
carbon sp” hybrid orbital with the hydrogen 1s of and s occumed by two
electrons. The unpawred electron occupies carbon 2p, orbital  According to the
particular manner of electroming in this orbital, two structures are possible, as
shown m F12.6-9 whatever, the structure shown in Fig.6-9a 1s shghtly favored
over the Fig. 6-9b because the electrons on the carbon atom have their parallel
to each other so that there will be an exchange interaction between which
stabilizes the system. The result is that there will be a amount of electron
impairing in the C-H o -bonding orbital. Polarization of the clectrons will
produce some unpaired spin density by defined later) on the hydrogen atom,
which accounts for the hyper structure observed. Of course this 1s only a very
small effect as evident by the small HSC of 3.75 G (ef. HSC in hydrogen
atom)

Quantnative calculations of this effect involve the use of configuration
interaction and perturbation theory. A useful result is given Mc Comell

ay = Qc

Where ay; is the proton HSC, , is the unpaired spind density on the care atom to
which the protein is attached, and Qcy, which is called the polanzation
parameter, is roughly a constant for x radicals and is usual given in the value
of 25 G. The unpaired spin density is defined in for using the flow technique.
These radicals were generated by mixing an acidified solution contaiming
titanium 1ons (TiCly) with an acidified solution contaiming CH:OH or C;H<OH
and hydrogen peroxide. the following reactions are known 1o take place

Ti'" + H,0; = Ti*" +-OH + OH"

Ti'"+OH - Ti"" + - OH

‘OH + H;0, — H,0O + -O;H

CH,0OH + - OH - -CH, - OH + H,0O

CyH«OH +-OH - CH,-CH OH + H,O

in the flow system. Apparently only the hydroxyl radical is responsible for the
abstraction of the hydrogen atom because of 1ts greater reactivity. With thus
technigue a large number of unstable aliphatic and aromatic radicals are ngw
accessible 1o us, and the scope of ESR solution studies 15 very much widened YN ‘V\’,

o
2.7 Applications LA A

P

1)) Structural ﬂctirlv{ljp_a_a_l_i_@jﬁ‘ Q:c ESR techmque cannot be applied 10
clucidate molecular structure as NMR can because the information obtained
from  the hyperfine structure 15 mostly about the extent
dolocahzation and Fermm contact interaction
e

of c¢lectron
It does not tell us, for example,
arrangement of the aoms in the molecule although the symmetry of the

(%)
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. geNSBN v (0) jectron-nucleus
‘ t electronl- ’
. would expec
leus, we wou Lo at the nucleus (see

-al
s ction ¥ must

" ) @me w (0) is the value of w at the nuc
: tact intera

p - . . . = nite nze
/ contact interaction only if w has a finite. 1O ok
_ ) Ry ; e thi
Fig.). It follows. therefore, that in order to have

have some s character.
) - 1n.
Applying to the hydrogen atom W¢ obtal

:'f_‘! =L gBH +a(i )

Mg=3 ¢ ‘
Y E, =1gfH +a(-Hd)
iy | |E, =—%gBH +a(=3=%)
o y \E; :r%gﬁil-r—u(i:){—%)
The two allowed transitions are
E -E,=gBH+ 2
E,—E;=gBH - %

The two resonance lines are shown in Fig. When more than on¢ type of proton
is present. the above equation can be written in the general form

E=¢BHM - aM. Y M'+aMs) M+ ...
=] =l

where a;. a.,..... are the HSC; of proton types 1, 2, ..., and n 1s the number of
proton for a particular type. Experimentally, HSCs are usually measured in
gauss although they can also be expressed in megahertz. The conversion

between gauss and megahertz 1s as follows:

& freceiectron ]

g radical

a(G)=0.350683 a(MH,)

The ESR spectrum of the hydrogen atom produced by electric dischar

trapped in solids shows the expected two-line spectrum with a s g or[
506 G. This is the largest splitting for a protomsince the unpaired eipﬂratlor_l 0
the 1s orbital and so has 100 percent s character Y pawred electron is in

o Next. let us consider a simple organic f :
1\} . p ganic radica :
radical prepared by the chemical reduction of benzene Wilt,hthf bgnzene union
intra solvent such as 1. 2-dimetho tyethane or tetrahydrof: alkali metal in an
containing seven lines with relative intensities 1:6:15:2¢) ? uran. A spectrum
345 G is contained. In the simple molecular °r.b_it-¢;.1 5:6:1 and a HSC of
unpaired electron occupies the antibonding molecular orbit "‘;Ppmmmation, the
al, which has a node
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A Y zeeman = —ENSNLH + g3S H
@ represents the classical dipole-dipole interaction between the electron and
Pruclear magnetic moments '

Zap = BgNGEN I
where 1. is the vector position of the electron and I, i1s the vector position of the
nucleus. In non viscous liquids this interaction vanishes because of rapid
tumbling of the molecules just as in the NMR case. Of course the same type of
interaction also exists between unpaired electrons on different molecules, and
we might expect that this effect would be much larger because of the much
larger magnetic moment of the electron. However, if we study only very dilute
solutions of these radicals, which is often the case, such electron-electron
dipolar interaction can be neglected.

4. Whych 1s also called Fermi contact interaction, depends only on the
electron “contact™ with the nucleus. It has no classical counterpart and does not
vanish in solution. We have'®

51 XSy ]

| l |
r:_rn‘ ér —rni ]

c

By = ggl\ﬁﬁ_\' 8{51 o (rc"ra.)

The most important term in Eq. (6-16) is the Dirac delta function & (r. — rJ),
which will have a nonzero value only if the wave function of the unpaired
electron in the radical has a nonvanishing value at the nucleus)tq\ )z '

The total energy of various magnetic interactions is given by
E= “ vey dr
where y contains both the space and the spin part of the wave function
of the electron. the spin part of the wave function, which is denoted by a or
[ . gives
[a(gBSH) a dr=14 gBH  [B(gBS.H)Bdr=1 gfH

Thus in general we write
M, (gBS.H)M, dr = gBH M,
If we consider the situation in solution then &, vanishes. The nuclear Zeeman

interaction 1s much smaller than that for the electron and is also neglected.
Equation (6-17), when wnitten in the Paschen-Back limit, becomest »
il

g A =
E= [ v {gASH+geNBN 2816 (r,—rpbyar &
3 E;"fj:
= gBH M, + aM;Ms e ~
E 1s the HSC mentioned earlier and 1s given by ; | . s
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- 6. Triplet state molecules
nd 6

ss only the ESR aspects of 52 o
that of a hydrogen atom. . 8

ot magnetic moment which can .e
0 etic moment. This

In this chapter we shall discu

b The next simplest case of ESR is
as a nuclear spin / of 1 with a result

; . ; on magn g
aligned either parallel or antiparallel 10 fhc emc"k;vels into four levels and
lectron Zeeman re restricted by the

interaction further splits the € gt
ns a
si0 s can be detected.

additional transitions are now possible. The trar‘; two line .
selection rules AMs = + 1and AM; =0, 50 S iration petween them gives
These two lines are of Sanal intensity, and the SEPTELC0, o interact equally

the hyperfine structure.'_When two protons arc p e
with the electron there will be the levels and three .athe
general, for n equivalent protonst there arc n k. lmcs’bmomial expansion of
f the lines are proportiong] to the coefficients _Of ah'eved on varying the
order n, that is, (1 + x)".qjﬁn Fig. resonance IS o e. however, because
microwave frequency (constant magnetic ﬁe]d_). In practice, SHiaE per ot

U of practical convenience, ESR experiments, like NMR, ar€

Jlowed transitions. In
relative intensities

% by varying the field (constant frequency).
. ntum , an electron may

ome
toms and molecules. The

by L(L+1) h, where L

two contributions 10 the
e other due to orbital

(? ob In addition to the intrinsic spin angula_r m
’ also possess an orbital angular momentum in a
magnitude erorbital angular momentum is given

Csf Q'J%rﬂjﬂk 5

is the aziuthal quantum number. There will then be
electron ‘magnetic moment, one due to the spin and th

(Q motions. The resultant magnetic moment z&/ is given by

W W =-glBJI(J +1) h

where J is the resultant angular momentum W
coupling scheme is given by

hich in the Russell-Saunders

J=L+S
o : : : ; 2
@d g may be appreciably different from 0023 if there is coupling between
ihe orbital and the spin angular momentumY(However, for most organic free
radicals, because of the high asymmetry of'the molecules, the orbital angular
momentum is not conserved, and consequently we say that L is not a “good”
quantum number. Hence we have [ 0 and J S. Therefore, their g values lie
- very closg to that of the free electron.
7 R theory is simplest for liquid solutions and it is in these systems that
most of its chemical applications are found. Let us now consider the various
ic interactions o I i ini e .
magnetic interactions of organic radicals containing nuclei with spin /. In the
presence of an external magnetic field the various magnetic interacti
represented by the hamiltonian TECHOLS e
N = zeenan T dip ¥ s

where ,ee man ¥epresents the interaction of the electro

; n an . :

applied field ) &/ d the nucleus with the
<A
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&
microwave radiation, (2) a sample cell, (3) a means of transmitting the radiation
energy to the sample cell, (4) a de magnetic field, (5) a detection system, and

(6) a recorder or an oscilloscope. The usual source of radiation is a klystron
psc:llalor_ which produces monochromatic microwave radiation. This radiation -
is transmitted into the sample cell by means of a waveguide, which is a copper J N
or brass tubing of dimensions appropriate to the wavelength of radiation. The [”

K
Qe

Wy T / |
e | \ /

0% Fig.2.3 v b

The basic features of an ESR spectrometer are (1) a source of \‘; " N

sample cell lis called the cavity and is located in a homogeneous magnetic field. -y 1 y
The l_ransmllted radiation is detected in a rectifier crystal and the signal, after ;o - Uy
amplification, is eithgy displayed on an oscilloscope or recorded permanently \ e "
- Y
& LI‘

on the chart paper. ( Instead of displaying the signal as the absorption curve as
with NMR experiments, ESR signals are usually phase-sensitive detected and
represented as the first derivatives,). The absorption curve and the first and

second derivatives of an ESR line are shown in Fig (2.3).

2.6 Theory

we saw the simplest example of ESR experiment, that 1s, the resonance
of a free electron. Isolated electrons are of little interest and we are naturally
more interested in situations in which we can use the electron as a probe to
obtain useful information about the atoms and molecules. In most molecules
electrons regularly occur in pairs with opposite spins as required by the Pauli
exclusion principle; hence ESR does not have as wide an application as NMR.
The same restriction, however, also makes it a unique tool in the study of
Eara%% systems. The following is a list of systems containing unpaired Qﬁ)ﬁ;

electrons. > _ !
1. Conduction electrons of metals 8}/ ¥ e N, 1\‘5 A
2. Semiconductors f" ' %
3. Transition metal ions a\% ‘:'*_’1 "1y
4. Molecules containing odd number of electrons (NO, NO,, ClO, and E ) o¥ J‘ n "9
Yo

NF») Q‘t;h TN\
5 Radicals produced by chemical or physical means )&\la/
%

UTX\ 59 ’ka

. \"5“'\

y
X
e 4y
\ S

Y
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where 7 is the magnetogyric ratio of the dipole, that is, the ratio of the magnetic
moment to the angular momentum. The magnetic energy of interaction E 1s
given by

E=—usH cos @ |

where § is the angle between the axis of the dipole and the field direction. }
Once again because of the restriction imposed by quantum mechanics, there |
can be only certain values for 4. F igure shows the vector representation of the

relatiqn l;et“'een the angular momentum and its components along the axis of >
quantization, that is, the external magnetic field. /E)
For an electron having spin S of T , there are only two possible values /7 I
) Th - - - & . x o
of & ¢ projection of the spin aﬂggla:_momentum vector onto the axis of ‘\'\'/

quantization gives + # and -1 k. This can be written as M, # where M is the 5
magnetic spin quantum number which has the values of £l It can be easily

shown that & in this case is either 35°15" or 144°45°. The same is true for the
magnetic moment vector except that its direction is exactly opposite to that or
the angular momentum vector. 3

Fig.2.2

Next we denive the resonance condition for an unpairjed electron. Let

uH be the component of u in the direction of the field so that
= &7
cosf =—
s

becomes
=- u.H

where , is given by

s == gBL\ia
where § is the electronic Bohr magneton, equal to (e2mcc) & (see Appendis }mﬂ
3). Substituting we obtain e | G;W(\J\ o
E=— gfiM, %@ v
/&
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PPi¢ tions by the MR technique 18 now being
‘ . 2 ¥ » s ¥ .
Althourb I biochcmi“l prot?lclllb.‘patrULlunxl
al anc idation t')l‘nlc_)[,chtlalr

loyed to solve various chemic I The clucl
csc' : e . gt o -
t(";f,!. tl;w Jetermination of two quantitics,
y

determination still ranks foremost an
The former tells yg

;\gyfc_t;g;cjgom NMR spectra 15 essentia onstant
. . ’ . ¢ . " ; e g
that 1s, ¢ ical shift and sp|n~spln (,Oupllllk', L. atter aboul lh(—:\ a&ungcnlcul

, about the Wﬁdgﬂwﬁﬁ é ity of the peaks tells Gg abotit the

However, the task

] \(\) f the atoms. Furthermore, the relative in’lt:l oL sronts
\ © Mo of the same atoms in different chemical envi¥ e mplex becatise of the
% A of analyzing spectra of large molccules can be f‘w 411y abundant carbon (C")
o O spin-spin interactioh) ([t is indeed fortunate lhaf paturd . yl Y therwise structura
o ~/// and oxygen (O”) o not have nuclear magnetic moments,
studies would be limited to only very simple molecul€®) ‘ '
N @ompl x spectra analysis can often be aided by c”hc': L'h::”":‘” b
A v physical mcﬂn‘; We could, for example, replace 'sornc'h)"{r‘;g",l: ;‘. ,”l‘f ‘w“!'
952 deuteriums and compgre their spectra. Gince isotopic SU b'll .l‘l N.).f 1as a
. negligible effect on theZElectronic structurc of the m_olcculc, the fv.hb"“‘*‘” shifls
p /Q// . will remain unchangcm{[ the cﬁu'pﬁrfg\fonstafﬁs"wm he dl”crcnl'hc(h’lll#c
O V/ deuterons have a smaller magnetic moment, Since deuteron has a spi =],
4 we might expect that the resulting spectrum of the deuterated compound would
be more complex. However, spin-spin interactions due to deuterons arc seldom
) C} observed because of the quadrupole relaxation effect discussed carlier.
B o [\E} \/A rather interesting feature of this kind of kinctic study is that all
measuremgnts are carricd out without disturbing the chemical equilibrium

r{‘ . whatso cvcg
k3
g\ ~y 2.4 Introduction to ESR
¢ 7 Thc ‘furlldamcnlal propertics ul"a_n clcctn:g are (1) mass, (2) charge, (3)

, spin, or intrinsic angular momentum. I'he spinning motion of the clectron acts
as a circular current and so generates amagnetic field » ‘aenetic fi

))’bfa cifeular current is equivalent to that u? a ma mm"' ([13,“1 the m"gn"““ ficld
- a magnetic dipole of moment /s

/
e - —
.¢~‘7 Y7 "-g2~~ h \/};(,g&; 1
i m,c -~
“{17] where g is the g factor lor frce electron (; 4
) / E P , lectron (g = 2.0023), ¢ and m, are the charge
// '/ and mass of the clectron, and \/f,'(.*,' +1) his the length
g ,’I’ L ( » 4 .
o / /  spin angular momentum vector. The negative sign iruf‘ 1 fagaiusg of
| moment vector is in the opposite direction 1o that of :(}"d_l‘f"-lhat the magnetic
J// vector. i€ angular momentum
thgx[hc clectron 18 mtr‘nduccd inlo a unifor P ,
s!;cnglh H the electron magnetic dipole will precess ab N magnetic field of
Analogous 1o the NMP case the Larmor frequenc about lhc axig of the field.
 ust Y of precession 1% ¢l b
w = 7l 18 given by

hich is given by.
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N N', P¥, etc., but we shall concentrate only on the proton magnetic
resonance in this chapter. pj

l'a ’
¥ P <
2.2. Experimental techniques 43//@ @

Detecting the amount of energy absorbed performs NMR e&xperiments;
therefore, in order to improve the sensitivity of detection, we want to have as

many spin§ in the lower state as possible. According to nuclear magnetic 7
moment this can be achieved by either reducing the temperature or increasing 0
the field strength, or both. There are, of course, practical limitations to these J S

two variables. 'Q

The bagig features of an NMR spectrometer are: (1) a source of radio-
frequency radiation, (2) a recéiver coil, (3) a de magnetic field, and (4) a
recorder or an oscilloscope. Figure 3-3 shows the schematic diagram of
NMR spectrometer (fig.2.1). ‘6\{~

) &F ;

__Dagnet yoke

Magnetr
power

{dc)

Sweep r f
tgcher-‘dor b o @ Er N

v _‘: n’_‘*'——-—q !l(‘cei\'(‘r N Q
X it i
“(\
'S et s Fig.2.1

The sample tube is ptaced between the poles of a powerful magnet. The
source of energy, that is the radio-frequency field, is generated in the coil
connected to the r-f oscillator. The detector coil is placed at right angles to
both the direction of the magnetic field and the transmitter coil. The magnet is
provided with the sweep coils which are used to vary the field over a range of a
few gauss.| In a typical experiment, we fix the frequency of the r-f field and
vary the magnetic field H untilfhe resonance condition is reached. The nuclear-
magnetic-moment transition induces an emf in the detector coil which is then

amplified and displayed on the recorder or oscilloscope.

If the magnetic field H is not homogeneous over the sample tube. ,
resonance will occur at apparently different magnetic field and line broadening >
will result because of the overlapping of lines. This effect can be minimized bv

spinning the sample tube with an appropriate frequency so that the nuclei will

experience an average magnels. field. The frequency of s 'ryi.ng should be
greater than the rate at whichtfie magnetic field fluctuates. /-




e direction of the field, we by,

1 in th
If ,u%is the component of pH1

uH H 2 z
cos § = ——

Y74
Equation (3-4) now becomes

E=-uf-H
where i is given by i

e i e iy - i —

/-lH:gNﬂNM£/

o e/ )C)h ’\/
where f, is the nuclear magneton, equal 1Q( g3

; in f

Substituting into the above equation W€ ebta |
E=-gyByHM,

Nuclear Magnetic Resonance Spectroscopy

If electromagnetic radiation of frequency v 15
resonance conditions.

AE =hv=g,0,H

transition between these Zeenian levels can occur. This IS t.he simplest case
nuclear magnetic resonance (NMR). For a system containing an assembly

present which satisfies,

— 1
non interacting protons, the ratio of the proton population in the M, =—5 statz

) 1
n—, ,to that in the M,-———Estate, n-
5 \

Jis given by Boltzmann’s expression.

LS

n=,

2 = ~g By H Ikt

n+

W=

L,

The nuclear spin [/ for any nucleus may be zero, a half-integer, or 2

integer-its value is determined b

1. If Ais odd and Z is €ven or odd, / is a half-
2. If A and Z are both even, /is zero.
3. If diseven and 7 js odd, /is an in

Appendix 4 gives a list of the
of interest in chemical spectros

integer.

teger.
Mmagnetic momengg
copy.



UNIT - 11
2.1. Introduction to NMR

The fulnfiaqlental properties of a proton are: (1) mass, (2) charge, and
(3)—51;?11: or in nlnsw angular momentum. The spinning motion of the proton
acts like a circular current and so generates a magnetic field. But the magnetic

field of a circular current is equivalent to ST
: that of
w: given by (see Appendix 3) atof a magnetic dipole of moment

pi=gN —=_j =
g M 111 +1) 6
where gN is the nuclear g factor, M, is the mass of the proton, e is the

electronic charge, and \/7(/ +1) & is the length or magnitude of the spin-

angular momentum vector,
Mu {,'LLW‘_;. )

hVi/_l}enwg proton is 1ptr951ucc_3d into a uniform magnetic field of strength

H, the nuclear magnetic dipole will precess about the axis of the field. This

precession occurs because there is a tendency for the magnetic field to turn the |

niCIea__r magnetic moment around into the field direction. But this effort is
opposed by thc_rot'c_ltlonal mnertia due to the revolution of the proton, and the
consequent motion 1s analogous to the precession of a spinning mechanical top

-
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under the influence of gravity. The angular precession frequency @, which is

called the Lamor frequency, is given by PO

v

where y, the gyromagnetic ratio, is defined by

angularmoment  [[(I +1)h -

The energy E due to this magnetic interaction is given by

where @ is the angle between the axis of the dipole and the field directed.
Classically can be taken any value, so that the energy varied continuously.
Quantum mechanics, however, imposes the restriction that the angular
momentum is quantized in space so there are only certain allowed values for
the Figure below shows the vector representation of the relation between the
angular momentum and its components along the axis of quantization, that is,

the external magnetic field.

For a proton having spin I of i there are only two possible values of 0.
/\/‘\_,-”\//" 2 -
The projection of the spin angular momentum vector onto the axis of

quantization gives 2 hand - 2 . This can be written as M, i where M, is the
magnetic spin quantum number which has the values of %. It can be readily
shown the @ in this case is either 3515’ or 144°45,,, The same is also true for

the magnetic moment vector. ’/,,S/’f =1 Jt(ﬁ
lﬁi{ ’ Lv\ flﬂ NS
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