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1.4 THE CHEMICAL SHIFT INTERACTION
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The chemical shift interaction is, from the point of view of chemical
characterization, the most important NMR interaction. It provides chemically
inequivalent homonuclear spin systems with slightly different NMR resonance
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This chemical shifts arise due to electronic currents which are induced
when placing a molecule in Bg. The fields Bjng generated by these currents
add up to the effects of Bp.

Consider for instance a hydrogen atom:
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Chemically-inequivalent spins i in a molecule are shielded by different 0: ;
these are so small that they are usually expressed in ppm's = lo°. ¢
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From a practical point of view it is convenient to_express the chemical shifts

with respect to a reference. In 'H and 13C NMR, this reference is usually
tetramethyl silane (TMS): (CHg)4Si.
Advantages: i) It gives only 1 signal, strong with only a 1% w/w sample.
ii) Its resonance does not overlap with almost anything.
N , ii) It is chemically inert and can be easily evaporated.
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By measuring the difference in frequency betwéen a peak x and the TMS
resonance, the chemical shift 5§ can be obtained

é(Ham) = Qx * ?Tl\li : 10° [»]=Hz

Prms

8 is independent of Bg-

1H and 13C chemical shifts are very sensitive to chemical environment; the
following graphs illustrate this dependence.
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II1.9 THE DIPOLAR INTERACTION ( M' Loca ) ITNTERoe Frpys )

(The lavFesT oF wik-tocos I FE G T oS
In addition to interacting with an external magnetic field, a spin also behaves
like a small magnet. Thus, the resonance frequency of a particular spin depends
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This Hamiltonian has diagonal elements |X| = 100's MHz, and off-diagonal
elements in the order of wp = 10's kHz => the effects of %_p can be accurately
described as a perturbation of ’:féa . Perturbation theory indicates that the
effects of can therefore be taken into account, to first order, by calculating
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1.3 ISOTROPIC TUMBLING; AVERAGING OF DIPOLAR
COUPLINGS IN SOLUTION NMR

Small molecules move very fast (their orientation changes once every ca. 10-12
sec). Each time the orientation of the molecule changes the orientation of
internuclear vectors also changes:
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This is so fast that nuclear spins detect a time average of the angular part

<| -3cose > of the dipolar coupling over all possible orientations ©,(f . We
try to calculate the solution NMR spectrum reflecting this averaging. If it is
assumed that the proportion of the time that an internuclear vector spends at a
particular {® orientation is proportional to the solid angle subtended by
this orientation over the complete sphere:
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Then the %3\‘& Hamiltonian <%D> describing the averaged coupling is given by
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) There are no frequency shift due to dipole-dipole couplings in liquid-
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If the homogeneity of Bg becomes high enough, the TH NMR spectrum of CH3CH2Cl
goes,

from; : to:
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3 These splittings occur because even in solution, neighboring spins can produce -
" on each other small magnetic fields. These fields do not travel through space
but mainly through the electrons in chemical bonds (hence the name indirect):

1\ f\/\, spin B will experience an
v additional field
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The origin of this coupling can be understood as follows: Let's assume 2 spins,
whose nuclei share electrons in a molecular orbital. Since the system is
diamagnetic, the spin part of this electronic wave function is formed by equal
parts of

weve gunc‘how

Y /4 os»‘hve S(a'h

R W ¢ ne%ahw:th

densiTy

5+c;fe i

¥4 ; -3 Djtg' A . .
ot 15 o %% . :f,,, I
' /




\ T ¥

1

If nucleus A however has a spin 'r , the presence of a nuclear spin-electron spin
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will favor one electron spin-density state against the other, creating a

distortion in the electronic spin density at site B. A second electron-nuclear

coupling Hamiltonian MX/W %
% EI 25 7 Cone —conts_ / }_%
h-€

will therefore create a non-zero coupling between spms A and B:
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Important consequences of this mechanism: % Youc, "

i) The coupling constant J is independent of Bg => its value is 2 ‘{ /o “Ze,
expressed in Hz and not in ppm.

ii) The Hamiltonian is a scalar: it only depends on the relative
orientations of spins A and B, not on the orientation -of Bp.

iii) The coupling travels through electrons J is sensitive to
molecular structure

J decays as the # of
bonds separating A
and B increases

iv) A spins will induce on B spins a shift J identical to the one that B
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Some characteristic vaiues for J-coupiings:

TABLE 83 mmwmw

TABLE 9-2 Some
Coupling Constants®
Type Y H)
‘H—'H 280
13C—'H 110~260
stp_ 1y 200-700
L O 3 -280to —350
13c=13C 170
)TP( 100500
r:-};:—a(r”* —— 1000
* Asquoted h:t;m 1attheend

of this chapter.

Homonuclesr Examples Heteronuclear Examples
Structure 3y (Hz) Structure Y Hz) Structure Y (Hzp ®
H o, M ;
1,c{ -124 iy, & -13 "‘}—".‘-—H 5
H S—"H |
- H H
7 /
H,Si +28 (CH), ¢© —105 H—C—F 4s
/A —~ M I
H,Sa +153 €y, ¢ -9 F—C—F 160
\ N |
H H .
H N i .
Hrc -0y & —43 n-c}-—p( 7-14
H S—"“H
H H
nac] ~108 on,=c{ +25
H H
H
HBrc{ —102
H
H
HIC< -92
H

® Absolute values.

¢ Data from references 1 and 2 ot the end of this chapter.




Particularly valuable information about molecular conformation is available
from J > : The J-coupling between 2 protons 3 bonds apart. The value of this J
depends on the dihedral angle between the 2 Ha-C-C and C-C-Hp planes:

Ha

Hg

I

H-c—c-Hy

The value of J has the form

T:H-_-. (7—-3059"’5@05 (26)) HE.

} Figure 9-6 is a graph of this equation. Notice how J reaches its maximum values at 0° (J = 11 Hz)and
180°(J = 13 Hz) and its minimum value at 90° (J = 2 Hz). This is because the interaction between the
two vicinal orbitals (bonds) is at its maximum at 0° or 180° and decreases to nearly zero at 90°.

L

Vicinal Coupling Constant *J (Hz)

>
-

Dihedral Angle
FIGURE 8-8 The Karplus relationship for vicinal coupling.




Vicinal (i.e., J3) couplings across double bonds are also dependent on structure:
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lil.5 THE NMR SIGNAL OF SEVERAL COUPLED SPINS

Recall from the previous sections that the initial state of a spin system is given

by
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In general, if one ignores relaxation effects, the signal arising from a multispin
system in an NMR experiment is given by = é/ 27 /;/ 7 ?/b/ %
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Quick recipe for calculating the NMR spectrum arising from an arbitrary time-
independent N-nuclei Hamiltonian after a pulse:

i) Write % in matrix form (using any base; for mstance for spin 1/2;
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.6 Example #1: THE SPECTRUM OF A DIPOLE-COUPLED

SPIN PAIR Twe ways o wWIire. Remenr Se—

i) Homonuclear pair:
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If the 2 spins are identical => A = 0; X = -0
)

Eigenstates Eigenvalues Possible transitions
| B57 Wot Wy e)
gt
3 ’3\16(/ ' _f///f/e?)wfe. @% DIEE
QLT () - / 0 N W Cheny
(> - lpdlfle o e

P (I« rlpofe 2@

|xe< -Wo+Wp(8)

R 77 lﬂfqé‘{

Ll




Z = %i ”’Moz (// /g%? @
] U4
. A= Wo, ~ Uoy / kK > )
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Note that in the homonuclear case: Whereas in the heteronuclear case:
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.7 Example #2: THE SPECTRA OF J-COUPLED SPIN
SYSTEMS

The rotating-frame Hamiltonian of a system of J-coupled spins is_given by:
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As with the dipole coupling we have to distinguish 2 cases:

/76’7?,{7 i) joj - ok >> J Vi,k: Always the case in heteronuclear systems; also
¢ likely in the case of homonuclear systems at high fields

In this case the Hamiltonian of a two spin system becomes:

) Application of the 1st order
perturbative approxrmation is
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The direct product basis set { o 7/ ‘°<15>/, ﬁ°‘>/ lﬁﬁ 7_}are eigenstates of

the Hamiltonian; and the spectrum is given by:
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In general, 1 spin J-coupled to N identical spins will give an (N+1)-
multiplet centered at w1 and with relative intensities reflecting a
binomial distribution.

If we have 3 spins with first-order J-coupling among them, "AMX system"
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ii) |oj - ok| = J: In this case, we have to solve the full Hamiltonian to get
cgw'T the spectrum (oFFSE TS W= ﬁf??f oF Sl ¢ ar Fiee)
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Note that the 2x2 non-diagonal part of the matrix (I‘ |,' ) behaves
cas. £ like the following Hamiltonian -

- F1-0: I, +T1.
‘ L., ene..qa ahi gt (n-refevavﬁ') 54 f’S o 6w, ﬂ’»’?é’«’%

7 pe
e
v’ ¢,,, €an

This looks like the Hamiltonian that we could get for a single fictitious

spin 1/2 under the foltowmg offset and irradiation conditions: Ty
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- The eigenfunctions of this spin 1/2: '
When0=0W=0 —> 2D — l°<§> ; 13> - lﬁ°<>

E3

_When 0 = 1:/2A(A = 0) — |3 > and \130(> shoul be indid incauisl\élale.

In addition, using the fact that
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g Mt > =
D Blpa> = <gxlx@>= 0




It is relatively easy to show that the coefficients of the eigenstates are:
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J, 2 and A can be extracted from the 4 frequencies a, b, ¢, d

etV _Ppade o 20
z; 2

Q@:"Q‘L = \20(" l7c_ :3—

\
N(a-2a) (y-e) = 14]

~, Animportant theorem that extends the A, case to arbitrary number of spins:
= Given an AnB system of n completely equivalent nuclei A and another nucleus (or
group of nuclei) B, then the indirect J-coupling between the A nuclei is invisible in
the NMR spectrum
/M W o
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1.8 EQUIVALENCE IN NMR
To say that N spins are magnetically equivalent in NMR means that:
w’(i i) They are chemically equivalent => Zaw'7 D571/ G.
=

ii) They have the same chemical shift (i.e., are isochronous)
¥ =>iii) They have identical couplings to all the other nuclei in the molecule

For instance the three protons of a fast rotating CHz group are magnetically
equivalent: '

) %\ to 8 _%9-&9'2

: A3X system; simple

i %
j @/ v &> T o e S§Frucs .

" . #ac) ave eqwly TobbFED - oMY geo
By contrast the pair of protons ortho to the chlorine in o-dichlorobenzene are 7 L/’Z
chemically equivalent but not magnetically equivalent: aallf wubffv ¢
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If all protons in a molecule are isochronous => they are also magnetically
equivalent:

Ag system




When we have magnetically equivalent spins things are much easier; for an A2B
system:

%L—A(A)A- FZ'-A -ALU&T?B +T%—E:TB FA IA\ +IA

A special kind of inequivalence appears when groups are 0 a prochiral
. center; e.g., a carbon that has 3 different chemical group w ad, and is
directly bonded to a chiral center: , i

cuc:Hg‘l‘bH(cHa)@
+ e

Co¥’7 Yo

Do g,
N ivequv 'S €AY ok
) o
" Looking along the d b bond the 3 Newman pro;ectlons are: : Neia
- o B j
b CHs B
A He H‘ His B ;
HC 2 K Hs
3 @ Ce
T fewsr laf ‘ _%:eff Jerf er

T B .ggl +Fp SQT‘T + B ng
B

Sa1 = dRIL ; Az = éez ; JAII’—'S,QE/ bt 'PE>PHI>F_’-,_

__ ‘SA * ‘XE ! Ha and Hg form an AB system and therefore the J coupling
amon{;lhem shows in the NMR spectrum.
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—2) Calculate the matrix representing each one of "thé”"'téfmé ‘in the dipolar

i

1.9 PROBLEMS

@ Demonstrate that the dipolar coupling Hamiltonian

sy [0 DA

giveé origin to the different terms of the dipolar alphabet when rewritten in
polar coordinates.

alphabet for a 2-spin system. Specify which spin states are connected by each
one of the terms of the dipolar alphabet.

)@ruucaﬁon by the Zeeman Hamiltonian: Demonstrate that given two
“\Wémiltonians, ‘P8 o (usually the Zeeman Hamiltonian) and 7B, with || Z80ll>> ” 7@,‘\
the energy levels arising from a first-order perturbative treatment of ?@, are

the same as those obtained by considering a truncated Hamiltonian ;;{@7:3

B ="Hoot ’;6?: ne
where #6‘= %lt-l- %'m; [%o)%f]:ol‘ [%O/gig/l\/]¢o

non-commutivg
(HF i B i
; is the part of y that commutes with 7@ o)

4) The direct product: Calculate the x-, y- and z-components of the total
angular momentum F for a two spin 1/2 particle system. Show that these
components fulfill the commutation realtionships of angular momenta.

5) Calculate the maximum number of NMR peaks that can arise from a
homonuclear 4-spin system

i) if the spins are not coupled among them.

ii) if the spins are coupled among them.

¥




6) Demonstrate that for a 2-spin system the signal acquired after a (n/2) -
pulse is given by resonances whose intensities are

AMM" 0( ‘<m ‘ F.‘+‘ mn\>,v'2

vHow will these intensities change if a (B) pulse is used?

7) A homonuclear ooupled, spin pair: Calculate the frequencies and
intensities arising from a homonuclear dipole-coupled spin pair as a function of
T = -1/2(0g1+m02), A = wo'-002, @D.

8) Demonstrate that the angular part of the dipole coupling averages to zero upon
fast isotropic rotation.

W; 9) A semi-classical model of shielding: Consider a system composed by a
single 1s electron that can move freely within a sphere of radius ag (the Bohr
radius). Calculate the order of magnitude of the chemical shielding produced by
this electron at the position of the nucleus when the system is placed inside a
magnetic field Bo. '

10) The 3-scale: Fill out the following table calculating Av or & for each given
value of & or Av:

spin system vo(MHz) | Av (H2) d (ppm)
Hat7T 1
13Cat235T 2500
Hat 7 500.4 10
31pat11.7 T 5.3

Hat 11.7 T 5.3




11) Given an NMR spectrometer operating at 7 T, schematize the NMR spectra
arising from the following spin systems (use the &-scale):
i) 4 TH NMR resonances appearing 300 Hz, 600 Hz, 728 Hz, and 2000 Hz
above the TMS resonance.
i) 4 13C NMR resonances appearing -300 Hz, -600 Hz, -728 Hz, and -2000
Hz below the benzene resonance (8C¢Hg = 128 ppm with respect to TMS).

12) Considering that the frequency dispersion of resonances in 1H and 13C NMR
spectra are ca. 10 ppm and 200 ppm respectively, and that 13C NMR lines have ca.
1/4 the line width of 1H NMR peaks (in Hz):

i) Compare the resolution power R

R: Fotal sﬁr-eepuency dispersion ot peeks b ¢ H-z-.z

. line width of one pesk (Hgz)
of 1H and 13C NMR. Lo
ii) At what field is the resolution power of TH NMR comparable to that
3 characterizing a 13C NMR experiment performed at 25.1 MHz, assuming that
pid the line widths are independent of the field.

13) A TH NMR experiment is performed at 300 MHz on a sample possessing 2

inequivalent sites A and B with 3a = 4 ppm, 58 = 6 ppm downfield (i.e., at higher .
frequencies) from TMS. Calculate the first 8 points of the resulting FID |
assuming that: the transmitter was placed at § = 5 ppm;  a spectral width

of 12 ppm is used; - relaxation effects can be neglected:; the initial x-y
magnetizations of the 2 sites after the pulse are Ma = Mg = 1 -'x.

14) The Karplus Equation: J34 4 coupling constants measured in cyclohexanes
are usually the average of two J3, each one arising from a different chair
con formation:

Hg/ (RO H5 ),

Q‘\GH‘I N\X E /5(9
Y X

Ha




i) Estimate J3,,, ,Hp for each conformation.
i) A B3 Hp™ 7 Hz is oberved for a substituted cyclohexane.

Assuming that this value is the average of the two J calculated in part i),
estimate the relative populatnon of each cyclohexane cbn?&rmer

15) Make a bar-graph sketch of the 1H NMR spectrum (100 MHz) arising from the
following compound; indicate the relative peak intensities and mark the peak
positions in the &-scale. :

V667 Ty G
= 'f; H H—->)>= 723 All frequencies are in Hz
@‘ from TMS; all J's are in Hz; if
F H not given, assume J = 0.

V=781 4 \3 ‘_/ P=9¢cc

16) First-order multiplets: What are the relative peak intensities of the
multiplet arising from a spin 1 coupled to 1spin$S

2 spins S

3 spins S

4 spins S

5 spins S

In all cases, assume first-order couplings.

17) The perturbative approach to J couplings: Consider a homonuclear pair
of spins A,B indirectly coupled by a coupling J and resonating A Hz apart. Using
the expression of the spin eigenfunctions corrected by a first-order perturbative
treatment of J:

i @ GIT Tl e )
STy < ) UL)}:{W?,..,I(%U

A g2 - E:°
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Calculate the second-order perturbative correction to the energy levels
2] () (1)
E ( = 4—‘ %3‘\ A

and the expected shiftfin NMR frequencies.
Assume ¥ = 0

18) Magnetic Equivalence: Calculate the spectral frequencies arising from an
A2B system characterized by chemical shift frequencies wa, @g and by a coupling
constant J. Demonstrate that the frequencies of the allowed transitions are
independent of the A-A J coupling.

~19) The 60 MHz 'H NMR spectrum of an AB system gives the following 4 peaks (in

Hz from TMS): 423, 418.5, 416, 411.5. Calculate:
i) 3a, 8 (in ppm) and J (Hz) ‘ :
ii) the position of the four peaks (in Hz from TMS) if the experiment is

¢ } recorded at 300 MHz.

20) Construct the Hamiltonian matrix for an ABX system. Can this matrix be
diagonalized in an analytical way?

21) The A, spin the&ém: Demonstrate that given an A;B system of n completely
equivalent nuclei A and another nucleus B, the indirect J-coupling between the A nuclei -
is invisible in the NMR spectra of either A or B.

Hint: Write your total Hamiltonian as

ikt = e (B) + Wee (D) + W (AR) * ’Kx(ﬂ\ )

then demonstrate and exploit the fact that N}{Sbrl’\)'.*ommutes with all the remaining
terms.
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