NMR Spectroscopy: Principles
and Applications

Advanced Tools



Advanced Tools — Quantum Approach

We know by now that NMR is a branch of Spectroscopy
and the MNR spectrum is an outcome of nuclear spin
interaction with external magnetic field and
electromagnetic radiation. This is a subject best tackled

by quantum mechanics.

We also know that NMR is a bulk effect and it is indeed
very hard to describe NMR of a real sample by
quantum theory as it becomes a complex many body
problem. But, surprisingly, we can focus on a single
spin or few coupled spins and then predict the course of
NMR experiment to represent our real systems. The
statistical ensemble of nuclear spins behave exactly like
the isolated model spin system.



Interaction of Spin with External
Magnetic Field

We learnt in Lecture 1, the interaction of nuclear magnetic moment u with
external magnetic field B, is known as Zeeman interaction and the
interaction energy known as Zeeman energy is given as:
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NMR is a branch of spectroscopy and so it describes the nature of the energy
levels of the material system and transitions induced between them
through absorption or emission of electromagnetic radiation.



Resonance

Resonance Method implies that the frequency of
irradiation is same as that of the separation of energy
levels in frequency unit.

Detection of Resonance is reduced to the measurement of
frequency at which there is detectable change in the
rate of transition of spin state.
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Hamiltonian

In gquantum mechanics the energy of a system is an important
quantity and is described by an operator with a special name
Hamiltonian. Operators are important in that that we observe
their magnitude when a suitable experiment is performed to
measure them. Such measurable quantities are called
observables and the operator corresponding to such
quantities are called observable operators. For a single spin
the Hamiltonian is given as

H =—peBy =—il «By

The terms that are operators have a “hat” over them. We knew
this interaction is called Zeeman energy and this term is called
Zeeman term.



Hamiltonian

The static field is applied along the z-axis of the
laboratory frame. Then the Hamiltonian is
reduced to

H =yl ¢ By =yl , By

Only the operator |, is relevant as the scalar
product is non-vanishing for this term. The
possible eigen values m, of the I, operator is —
L-1+1,...,1 (i.e. 2I+1 values).



/eeman Energy

Thus the interaction energy of a single spin in a
static field applied along the z-axis of the
laboratory frame is

E = —#Bym, m, takes. (21+1) values from
—| to +l in steps of 1.
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Resonance of a single spin 1=1/2

For 1=1/2, m,can be +1/2 or -1/2. Usually the 1/2
state is referred as o and the -1/2 state as f.
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Resonance of a single spin 1=1/2

Quantum mechanics says that a transition is allowed if
the change of quantum number m is +1 or -1. So the
transition between « to [ state is allowed and is
called a one quantum or single quantum transition.
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Hamiltonian in Frequency Units

Since energy can be expressed in terms of frequency unit, we can
also write the Hamiltonian in frequency unit. Since,
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We can write the Hamiltonian as,
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Spin I=1/2 Hamiltonian Summary

energy Frequency | Frequency
units rad /s Hz

+1/2 -(1/2)nyB, (1/2)o, (1/2)v,

-1/2 B (1/2)hyB,  -(1/2)0,  -(1/2)v,



Two Spins 1=1/2 Hamiltonian

Let us extend this idea of writing Hamiltonian to two
spins each with spin 1=1/2

H =vg1l1; +vgolp, inHz

--“ =

+1/2 +1/2 (1/2)vg,+(1/2)vy,
+1/2 1/2 of (1/2)041-(1/2)00,
-1/2 +1/2 Ba -(1/2)v,+(1/2)vg,

-1/2 -1/2 BB -(1/2)00,-(1/2)0,,



Two Spins 1=1/2 Energy Levels

The energy level diagram could be presented as below
(a) Two proton spins and (b) 13C-1H pair.

Em]_,m2 = 001m1 +002m2 in Hz
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Hamiltonian
Two Spins 1I=1/2 and J Coupling

Let us extend this idea of writing Hamiltonian to two
spins each with spin 1=1/2 and J Coupling between

them.
ﬂ = UOlrlz +002r22 +J12f10 rz in Hz

~ ~ —~

H 2001|12 +U()2|22 +J12(|1X|2X + |1y|2y + IlZIZZ) In Hz

~ —~ —~ —~

H = UOlllZ +002|22 +J12 IlZ TZZ in Hz for the case ‘001 —002‘ >> le

The J coupling is also known as scalar coupling as the operators
involved are expressed as a scalar product. Note that there is no
applied field dependent term in this interaction — means the
coupling value is independent of field strength. The nuclear
magnetic moments sense the presence of other spins trough the
chemical bond between them.



Energy Levels

Two Spins 1=1/2 and J Coupling

The energy levels of the two spins each with spin 1=1/2
and J Coupling between them is then written as

= UOlml + Uozmz + J12m1 XMy In Hz for the case ‘001 Uoz‘ >> \]12

--“ =

+1/2 +1/2 (1/2)00+H(1/2)062+(1/4)13,
+1/2 -1/2 of3 (1/2)vg;-(1/2)vy,-(1/4)) 4,
-1/2 +1/2 Ba -(1/2)vg,+(1/2)v,-(1/4))4,

-1/2 -1/2 BB -(1/2)00;-(1/2)0g,+(1/4)) 1,



Energy Levels

Two Spins 1=1/2 and J Coupling
The energy level diagram directly predicts the NMR

spectrum.
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Left: Energy level diagram; dark arrows show spin 1 flip and its
transitions and light arrow show flip of the spin 2 and its
transitions. Right: The NMR spectrum resulting from the four
transitions.



W =

122

324

123

224

Energy Levels

Two Spins 1=1/2 and J Coupling

The NMR spectrum has all the information of the
energy levels or the Hamiltonian of the system.
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A Bit More of Quantum Mechanics

So far we saw that the energy of interaction of nuclear spins with
magnetic field and with each other can be expressed by a
Hamiltonian that in turn expressed in terms of the various
components of the spin angular momentum. With this description
we could calculate the transitions. We did not describe how we
excite the transition and what happens during the NMR
experiment such as one pulse experiment or spin echo
experiment.

To understand the time course of a NMR experiment we have to
follow the system as it evolves during the experiment. We have to
understand how the spin system states are defined in quantum
mechanics and how they change in an experiment and how we
can observe the spin system state.



Wave Function: The state of the Spin

In quantum theory, we don not know a priori whether a spin (say 1=1/2) is in
the o state (+1/2) or in the [ state (-1/2). So we write in general the state to
be a superposition of the two possible state

w(t)=C,()a)+Cpt) B)

The coefficients C_(t) and C 5 (t) are numbers (complex numbers in general) and
their phase can vary in time and their magnitudes give rise to the value of
the observable quantities in NMR. This function /y(t)>is called a wave
function and as it is a complex function we can also write its complex
conjugate as

w®)|={alc, ®+(BIC,®
Then . .
w®w®)={alC] ©+8C, O)Cqt]a)+Cat) )

=C" ()C, (t){|a)+C  ()Cp(t)(c| ﬁ>+C; (t)C, (t)<ﬂ\a>+C; (Cs OB B)

=C  (t)C, (t)+C; (t)C4(t) is just a number



Properties of Wave Function

We can then compute a number as a bra [ ket product

w®w®)=(alc] ©+FC, O)Cq t]a)+Cat)4)
=C. ()C, (M){a]a)+C, (CsM){al8)+C (C, ®){Bla)+C (C4O)B|B)
=C’ (1)C, (t)+ c; (t)C 4(t) is just a number

In this calculation we have used the fact that the spin states are orthogonal.
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Expectation Values

Once we define the state of the system by a wave function, we can
now ask what is the chance that we have a component of the spin
angular momentum along z-axis and is given by the expectation
value of the spin angular momentum operator along z-axis.

<r > _ <W(t)‘ IAz“//(t»
O p®) ()

Since the denominator is a number we can set it to equal to 1 saying
the wave function is normalized, all we have to do is compute

(T,)=(w®|l,ly®)
And we will use the fact that the state o and [ are eigen states of |,
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Expectation Values

Then the expectation value of I, is

(1 z(t)> Terme, (t)——cﬂ(t)cﬂ(t)

We have used the orthogonal property of the spin states ccand fin
evaluating the above value.

)= (ca0c,0-chne,0)

The above equation means that the average value of the component
along z-axis is given by the difference in the probability of finding
the spin in the +1/2 state or -1/2 state when many measurements
are made.



Expectation Values

We can now see what happens to the spin angular momentum
components in the transverse plane and using the fact that

_ 1 ~ 1 - 1. - 1.
La)=+218) LB =ta)  Llay=+Lip) 1p)=-Lia
1) =5 (Ca 00 +CHOC,®) (T,0)=ilCsC,0-Ch0)C, )

Again the expectation value for these components also depend on
the coefficients that are probability functions.



Bulk Magnetization

We are now ready to arrive at the bulk magnetization that is induced
when a collection such individual spins are exposed to a magnetic
field. The bulk magnetization along z-axis then sum of the
expectation value of the z-component of the individual spins.

Y N1/ « .
M2 =721 ) = 2 (Gl (081, -Gl (1G5 0)

M, ) =2 N(C, 0C, ©-C30C )

_ S N

—~

Mo (0 =N(T;)  where(T;) = 3

The bar above the functions on the right hand side indicates sum
over the ensemble of spins.



Populations

The probability difference that gives component along z- axis now
can be interpreted as population difference in the two states that
give rise to the z-magnetization

\

n, =N(C (1C, (1))

\

ng =N(CH®C,))

and

Mz(t):%V(na_nﬂ)



Bulk Magnetization — Transverse Plane

We can in the same way compute magnetization along x-axis and y-
axis.

AN

M () = N(T, ) = Z)N(CS (1)C 5 (1) +C (t)C, ()

N

My ® =N (T, ) =i (CL C, 0 -C0)C, ©)

At equilibrium there is only z-magnetization and no magnetization in
the transverse plane. This means that the ensemble average on
the right goes to zero.

ya \ ya \

CLOC®+CrOC,M)=0  [CaCO-CHHC, 1)=0

This is called the random phase approximation or that there is no
coherence between the spin states.




Time Evolution in Quantum Mechanics

We discussed in the vector model how magnetization rotates in the
presence of applied fields (both DC and RF). We wrote the
equation of motion as the time derivative of the magnetic
moment equal to the torque on the moment. In the same way, the
motion of the spins can be expressed in terms of its state
undergoing change effected by the interaction Hamiltonian.

d|y (t))
dt

Suppose if we consider a single spin 1=1/2 in the rotating frame then
the Hamiltonian is

=—iH|y(t))

H =Ql,
And
v (1)) =C,(t)a)+Cxz1) B)



Time Evolution in Quantum Mechanics

Then
, dlw(t -
‘ZE»:rﬁkﬂwﬂ»
d |.Ca (t)‘ a>d't|' C,B (t)‘ﬂ” _ _isz [Ca (t)‘ a> + Cﬂ (t)‘ IB>]
dC,(t = T
dcgt(t)‘aH 5[()‘ﬂ>:—iQCa(t)lZ‘a>—iQCIB(t)Iz‘IB>

_ 1 - 1
a)= )| [1218) =318

By multiplying on either side by <a| and <[ and using <af a > =
<B| f>=1,and <al f>=<p] a>=0, we can simply separate
the above equation into two equations on the coefficients as

dc () . dCpg(t) .
gf[ =—-iQC,, (t) and ” =+iQC4(t)




Time Evolution in Quantum Mechanics

The solution of these two equations is straightforward,

dc () .1 dCsz(t) .1
cTt( =—I§QCa(t) and — :+|§QCﬂ(t)

“itor Lot

C,(t)=C,(0)e 2 andCy(t)=Cgz(0)e 2
Since we know now the value of the coefficients C’s at any time t we

can evaluate the expectation values of the spin angular
momentum components in the x, y, and axis

1) =3 (Ca 0,0 +CHOC,0)  (1,0)=ilC0C,0-Ch0)C, )

T,®) = [Co 0C, 0 -C5OC40)



Time Evolution in Quantum Mechanics

Let us just evaluate one of these in detail

1

< (t)> (C (t)Cﬂ(t)+Cﬁ(t)C (t))— C (O)Cﬂ(O)e'QtJrlCﬂ(o)C (0)e i

- %C; (0)C 5 (0)[cos(Qt)+i sin(Qt)]+%C; (0)C,, (0)[cos(Qt)—isin(Qat)]

:cos(Qt)EC OCsO+ cﬁ(O)c (0) —sin( Qt cﬁ(O)c 0)—i= c (O)Cﬁ(O)}

<iy>

(Tx () = cos(Qt ) T (0)) —sin(Qat)( T, (0))




Time Evolution in Quantum Mechanics

Similar calculations can be done for the other components and in
summary we have

(Tx () = cos(Qt ) T (0)) —sin(Qat)( T, (0))

<Ty (t)> = cos(Qt)< Iy (O)> —sin(Qt )1 (0))

(1) =(1,0))

Free evolution does not affect the z-component. The x and y
components rotate in the xy plane. These results are same as we
got from the vector model.



Time Evolution of Bulk Magnetization
in Quantum Mechanics

We know that the value of the bulk magnetizations are given by
their respective expectation values and thus we can compute the
state of the magnetization components at any time t.

My (t) = N (T (t)) = cos(Qt)N (T, (0)) - sin(Qt )N (T (0))
M (t) = cos(Qt )M, (0) —sin(Qt)M , (0)

M (1) = N(Ty (1)) = cos(QUN (T, (0)) +sin(Qt)N{T, (0))
M (t) = cos(Qt)M  (0) +sin(Qt)M , (0)

M, (t) = N(T, (t)) = N(T, (0))
M, (t) =M, (0)



Time Evolution Due to RF Pulse in
Quantum Mechanics

So far we worked with a rotating frame Hamiltonian corresponding
to just the applied static magnetic field.

H =Ql,

Now let us say we have an RF field also along x-axis and for
simplicity let us also assume that we are on-resonance (£2=0). So
the new Hamiltonian in the rotating frame in the presence of RF
along x-axis is

H :a)lrx

Where w, is the amplitude of the RF in units of radians/sec. We can
repeat the calculations in the same line as before and the results
for the magnetization components can be given by analogy.



Time Evolution Due to RF Pulse in
Quantum Mechanics

The effect of RF along x axis then,

My (t) = N (T, (1)) = N (1, (0))
My (t) = M (0)

M () = N(Ty (1)) = cos(ept N (T, (0)) - sin(axt )N (T, (0))
M (t) = cos(eyt)M y (0) —sin(eyt)M, (0)

M (t) = N(T, (1)) = cos(@yt)N(T, (0)) +sin(@tN (T (0))
M, (t) = cos(@t)M , (0) +sin(ent )M y (0)

Under x-pulse the magnetization precess in the zy plane as we saw in
the vector model. For example if we set w,t=r/2 and at t=0 with
magnetization only along +z axis, we will end up along —y axis.



Operator Formalism

We have collected so much knowledge in quantum frame work to
describe the spins interacting with the magnetic field, RF, and
among themselves and now we see that if we follow the evolution
of the components of the spin angular momentum operator, we
can predict the course of the magnetization of a spin in any NMR
experiment. To facilitate that, we will describe the state of the
spin system directly by these spin angular momentum operators.
It is then said that we have described the system by a density
operator (as opposed to describing the state by a wave function).

For a single isolated spin system, the arbitrary state can be given by
the operator p(t),

pt) =a, Ty +ay (O +a, M1,



Operator Formalism

Now we can write the time evolution of this density operator
(Liouville-von Neumann equation) to describe the spin system.

pt) =a, Ty +ay (O +a, M1,

£ 50 =-i(Fp® - pOH)

p(t) =¢ " p(0)e™

Note that in the above the order in which the terms are written is
iImportant since

Hp(t) = p(t)H



Operator Formalism — Rotations
Let us say at t=0 a,=1 a,=a,=0, then

ﬁ(O) — IAx

Also Let us say the Hamiltonian is
H =Ql,
Then i i i A
ﬁ(t) — e_IHtﬁ(O)elHt — e_iQIZt rxe_iQIZt
p(t) = Iy cos(Qat)+ I, sin(Qt)

The whole calculation can be written in a notation as below

_ Ht

p(0)———p(t)

I, Qlt I, cos(Qt)+ I, sin(Qt)




Operator Formalism — Rotations

Let us say the Hamiltonian is

Then

ﬁ(t) — e_thﬁ(O)eth — e—ia)_|_|xtﬁ(0)eia}_|_|xt

Using the notation we described before

o —abd 7
X 7 X

Iy ald | Iy cos(at)+ I, sin(ayt)

I, —2bd 5 T cos(apt)- Iy sin(ant)



Rotations -Summary

Let us now summarize the rotations under pulses about different
axes and flip angles.

4 /
— a z
(2" o o Ax o 7 A
y Z Iy _Iy
T~
~ 2|X ~ —~ a —~
I, —— -1, |, —*— -1,
&)
T 2 Y T - _
ly —— -1, I, —L— -1,
=225 T PRGN g



Rotations -Summary

Positive rotations are counter-clockwise (as shown) and negative
rotation is clockwise.

CINCOIN N
SNV

rotation about x rotation about y rotation about z



Operators — Two Spins

We can extend the same representation of the state of the system by
operators to two spins |, and |,.

~ —~ —~ —~

E1 lix iy 11z Ep oy loy 1y,

The two unit operators E, and E, do not represent any observable.
We need also the products of the spin operators of the two spins
to describe the system. Noting that the products with the E
operator is the same as the 8 operators above, we have

2I1x|2x 2I1x|2y 2I1x|22

2I1z|2x 2I1z|2y 2I1z|22



Hamiltonian for Two Spins

Let us recall the Hamiltonian for two spins |, and |,

|:| = 001f12 +Up2 TZZ + le rlz TZZ in Hz for the case ‘001 —Uoz‘ >> le

Let us convert the above in to the rotating frame Hamiltonian in angular
frequency units.

H=0Qly, +Qpl5, + 21,14, 1,, inrad/secfor the case [Q —Qy| >> 2715

The time evolution of the two spin system is under the influence of the
above Hamiltonian and can be calculated in separate steps.

/3(0) Qltrlz N Q2“A22 N 27&]12tr12f22 >ﬁ(t)

4

N

We have already seen the evolution of single spin operators under the
Zeemann term and RF pulses. For two spins the respective spin
operators evolve separately with these terms as if they are
independent. The evolution under the coupling part of the
Hamiltonain is slightly more involved.



Evolution under Coupling-Two Spins

Let us now illustrate the evolution under the coupling part of the
Hamiltonian

Hjy =2721511; 15,

Iy, —22thzler 7 cog(zt)+ 213y 15, sin(zd5t)

This kind of evolution is called a bi-linear rotation as the rotation is
about the product of two operators both along the z-direction.
Note the second term on the right, it is also a product term in
which the state of spin 1 is represented by its y-component which
also senses the state of the z-component of the coupled second

spin.



Evolution under Coupling-Two Spins

We can now illustrate all of such evolutions:

- 2727 oth15 1 -~ - .

I A2l 1y, cos(7dgpt)+ 21hy 1o, sin(dyot)
2 2715ty 1), T TR

|1y > |1y COS(?ZZlet)— 2 IlX | 27 Sln(mJth)
I 2715ty 1o, o

1z 7 11z

2719ty 1 = -~ .
PW A2 5,y c0s(7m ot )+ 215y 1y, sin(7d ot

2721]1212& r2 T -~ = )
|2y L 2y COS(7ZZ]12t)—2|2X|12 Sln(ﬁlet)

T 2ty o, rz
4 Z




Evolution -Two Spins

Let us now see the physical meaning of the se terms that we have
collected. Let us say at t=0 we have |, and |,, and see the
evolution. As one can see if we follow one spin through the
evolution under various parts of the Hamiltonian we can write for
the other spin by induction

I1y Oty 15 cos(Qyt)+ 13y sin(Qt)

- 2719tl, 1
COS(Q1I)|1X 121171272

>cos(Qqt)| Ty cos(dyot)+ 21y, T, sin(d ot

27mdq5tl17 12,

sin(Qt)ly, >Si n(Qlt)[fly cos(dqot)— 214, 15, sin(7d 12t)]

However, We can detect only the |, or |, operators and not the
product operators



Evolution -Two Spins

The observed signal of the spin 1 is thus come from the term

1 cos(€t)cos(7dyot)+ 17y sin(Qyt)cos(d;,t)

In the observed signal S(t) the x-component is the real part and the
y-component is the imaginary part.

S(t) = [cos(Q4t)cos(zd 1ot ) +isin(Qyt)cos(zd 1ot )|exp(—Rt)
= cos(d 1ot )exp(iQ t))exp(—Rt)

exp(i7d1ot)+exp(~ iz ot)|exp(Qyt)exp(~Rt)

exp(i(Qq + 1o t)+exp(i(Qy — 71, )t)]exp(—Rt)



Evolution -Two Spins

Fourier transform S(t) will then give real and imaginary part of the
spectrum with lines at the two frequencies in the exponent.

S(t) = %[eXp(i(Ql + 7812 )t)+exp(i(Qq — 15 )t) |exp(~Rt)

— 2RJ1 2

imaginary M
real A k

Qi-mdyp w—>

Q1 ';'RJ-|2

Note the horizontal axis in units of w. The multiplets are in same
phase with respect to each other in both the real and imaginary
parts.



Evolution -Two Spins

Thus the evolution of I,, under a two-spin Hamiltonian gives a in
phase doublet spectrum

—l-- 2RJ1 ) --l—

imaginary M
r Qltflz +27ﬂ12tf12 TZZ R
1x 7
real

Q-5 ®

Q1 ';'RJ-|2

Thus the operator 1,, is called the in-phase x operator.



Evolution -Two Spins

Suppose at t=0 if we have the operator 21,,1,,, then we can calculate
the resulting spectrum in a similar way.

- = Ot - = - o,
21 1p; — 2213515, cos(Qqt)+ 213, 1, sin(yt)

2771]12“12 I22 N

cos(Qqt)211, 1, >C0s(Qqt)[2 1, T, cos(dyot)+ Ty sin(dt)]

sin(Qqt)21;, T, —212012122 s gin(Qyt)21y, T, cos(myot) - Ty Sin(dyat))
Noting again that we can only detect I, or |, components, the
detected signal is
S(t) = [-sin(Qqt)sin(z ot )+ i cos(Qqt)sin( ot ) exp(—Rt)
=isin(z ot )expi(Q4t)exp(—Rt)

=1 %[exp(imllzt)— exp(—id1,t)]exp(Qt)exp(—Rt)

=[xl + 1312 ) - ex0(i(Q1 - w12 W)exp(~RY



Evolution -Two Spins

Up on Fourier transform the spectrum would be as below,

—I-— 2RJ-| ) -l—

imaginary \_/\r
Zr r Qltflz +27a]12tf12 TZZ .
1x'2z 7
real

=
Q-my
Q-|+TCJ12

The mulitiplets are in opposite phase in both the real and imaginary
part and so the operator 21,,1,, is called anti-phase x component
of the spin 1.



Summary of Physical Nature of
Operators - Two Spins

X- is absorption y- is absorption
1§ I L g
M- 21 ko T’L
Qq — — Qy  —
I I I L
T—l 2’12’2){ M
Q Q

— —» 2 - —» 2



Summary of Physical Nature of
Operators - Two Spins

—~

Z - magnetizat ion on spinl |1,
in - phase x - and y - magnetizat ion on spinl I1x Iy
Z - magnetizat ion on spin 2 Iy,
in - phase x - and y - magnetizat ion on spin 2 Loy T2y

anti - phase x -and y - magnetizationonspinl 213, 15,,21;, 15,

anti - phase x -and y - magnetizationonspin2 = 2l5,15,,215, 15,

multiple quantum coherences 2d S Py PV PYvvd B PYvd BT P

non - equlibrium population 211,15,




Multiple Quantum Coherences
BB 4 (1/2)vg;+(1/2)v,+(1/4)),

o of3
-(1/2)001+(1/2)002-(1/4)1122— _3(1/2)001-(1/2)002-(1/4)J12
00! 1 (1/2)vg+(1/2)v,+(1/4)) 4,
Double Quantum - x (DQy) =211, Iy =213 15,
Double Quantum -y (DQy ) =211, 15y +213, 15, 0(DQ) = Vg + Uy
Zero Quantum - X (ZQX) = 2 flx rzx + 2 rly rzy U(ZQ) =Up1 — Up2

Zero Quantum -y (ZQy) = 213,15, =213, 15y



Summary of Physical Nature of
Operators - Three Spins

spin2 oo BP

spin3 of o3
~Ji5+
M A
2’1){"22 M
2’1){’32 YJ; Tk
4l ozl H #
10 -5 0 5 10

(a)J,,=10Hz, J,;=2Hz,

(b)

o B o B
o af B
+J12+

V|

A

Y % N
—r

A A
Yy

10 5 0 5 10

(b) J,,=7Hz, 113=1 OHz,

(€)
o off P
o off P

-+ Ji2

A A

A
.

A
Y
|

|

10 -5 0 5 10 Hz
(c) J,,=5Hz, J,,=5Hz



