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ABSTRACT

PART I. NUCLEAR MAGNETIC RESONANCE STUDIES OF AMIDES.
PART II. THEORETICAL STUDIES OF AMIDES.

By

Biing-Ming Su

A variety of nuclear magnetic resonance (NMR)
techniques has been used to investigate various physical
properties of a series of amides, N-substituted amides,
and both symmetrically and unsymmetrically N,N-disubstituted
amides. The results are presented in Part I in seven
sections.

I. Anisotropic molecular reorientation in a series
2H5/C3Hy
HS,C3H7, etc.) has been studied by measuring

of N,N-disubstituted amides (RCONRé, R = H,CH3,C

and R' = CH3,C
13

2
C spin-lattice relaxation times and NOE factors over a

range of temperature. It is shown that the data can be
satisfactorily treated on the basis of an approximate
ellipsoidal model which leads to an axial diffusion tensor
with ql

molecular plane. Values of the diffusion constants, D

associated with a preferred rotation axis in the

[l
and Dl, the directions of the preferred rotation axes, the
internal rotation rates of the N-methyl groups, the energy

barriers associated with the motions of the various carbons,
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and the effective quadrupole coupling constants for 17O,
have been obtained and their significance discussed.

II. The isomer ratios, and the_13

C nuclear spin-
lattice relaxation times and NOE factors, have been

measured for a series of N-monosubstituted amides and un-
symmetrically N,N-disubstituted amides. The dipolar and

other contributions to the 13

C Tl values have been deter-
mined along with the correlation times for overall rota-

tional motion of the molecules, and for the internal

TR,

motions of individual groups, T The anisotropic re-

G
orientational motions have been analyzed in terms of an
approximate ellipsoidal model. The effects of structure
and of intermolecular hydrogen bonding on the nuclear
relaxation parameters have been evaluated. Effective
quadrupole coupling constants for nitrogen have been
estimated in four amides from the measured l‘]’N relaxation
times.
III. The effects of phenyl substitution on the

structures and molecular motions of amides have been in-
vestigated in a series of formanilides and acetanilides.

The 13

C chemical shifts, Tl values and NOE factors were
"measured for all carbons and the dipolar and other con-
tributions to Tl calculated, along with the correlation
times for overall anisotropic rotational motion of the

molecules. The effects of carbonyl and nitrogen
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substituents on the tumbling ratios for the benzene ring

(with C, the preferred axis) have been determined.

IV. Chemical shifts for 13C, 14N, 15N and 17O

2

have been measured in a series of N,N-disubstituted amides
and the effects of substituents on these shifts evaluated.
A number of linear correlations among them have been dis-
covered including relationships between the chemical shifts
of 14N (or 15N) and both 17O and the 13C of the carbonyl
group; linear correlations between these and the energy
barriers E, restricting rotation about the central C-N
bonds have also been obtained. The y and § effects used

13

in interpreting C NMR spectra have been shown to have

analogues in the 14N, lsN and 170 NMR spectroscopy of
the amides.
V. The assignment of proton and carbon NMR signals

in several amides has been accomplished by the use of off-

resonance proton-selectively decoupled 13C NMR spectra along
with 13C T1 measurements. From values of the residual one-
13

bond C-H coupling constants as functions of the separation
between the applied decoupling frequency and the proton

13C and 1H NMR spectra were

resonance frequency, the
correlated for these amides and some errors in previous
assignments of proton chemical shifts corrected.

VI. Concentration dependence of the chemical

shifts of the carbons of DMF in benzene and DMA in cyclo-

hexane and formamide have been used to investigate the
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nature of the species present in these solution

VII. Solutions of Mn2+ in N,N-dimethylformamide

have been studied by measuring the 13

C Tl and T2 values for
all the carbons of DMF over a range of temperature. The
paramagnetic shifts and hyperfine electron—lBC interaction
constants have been evaluated, the relaxation mechanisms

determined and the 13C-Mn2+ distances calculated for each

+ . .
2 has coordination

carbon. The results indicate that Mn
number eight in these solutions with weak bonding to the
oxygens of four DMF dimers, which are tetrahedrally arranged
about the metal ion.

In Part II calculations by the INDO method of the
theoretical energy barriers for rotation about the central
C-N bond in some selected amides are reported along with
the bond orders for the C-N bonds. The variation of the
partial charges on each atom in going from the ground
equilibrium geometry to the transition state geometry was
also studied. From the variation of the charges on the
nitrogen and oxygen atoms, the observed decrease of the
energy barrier resulting from the formation of hydrogen
bonds to the carbonyl oxygen can be rationalized. The
results obtained here for substituted amides using the
INDO method are similar to those reported previously using

the CNDO/2 method.
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PART 1

NUCLEAR MAGNETIC RESONANCE STUDIES OF AMIDES



INTRODUCTION

Nuclear magnetic resonance spectroscopy has
developed rapidly into a major spectroscopic technique
during the last ten years or so. The applications of
high-resolution NMR in chemistry are numerous and are
growing at an almost exponential rate. In recent years
NMR has undergone a revolutionary change in technique
from swept continuous-wave to pulsed excitation. With
the development of pulsed Fourier transform NMR tech-
niques and the use of heteronuclear decoupling, the
signal-to-noise of the observed nuclei can be increased
by 2-3 orders of magnitude over the older methods. This
increase in sensitivity has mwade 13C NMR almost routine
work in many laboratories. Recently, the quadrature
detection and the phase-alternating pulse sequence
techniques have also been used to increase the sensi-
tivity of 15N and 17o signals so that these nuclei can
now be observed routinely in natural abundance.

The properties of the amide bond have received
considerable attention because of its importance in

determining secondary and tertiary structure in peptides

and proteins. In Part I of this dissertation, several

1
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different properties of amides are studied by 13C, 14N,

15N and 17O NMR.

A theoretical section is presented first to
familiarize the reader with the basic theories of pulsed
and continuous-wave NMR, the nuclear Overhauser effect,
double resonance experiments, and chemical shifts. The
historical section covers the various known relaxation
mechanisms and methods for extraction of the microscopic
parameters of interest from the experimental measurements.

A section describing the experimental techniques and methods
for data interpretation follows. The main portion of Part

I has been separated into seven sections. The first three
sections comprise a study of the molecular motion of
symmetrically N,N-disubstituted amides, of N-monosub-
stituted amides and unsymmetrically N,N-disubstituted amides,
and of N-alkyl anilides, respectively. To this end, the

13C spin-lattice relaxation times and NOE effects have been

measured. In the fourth section, various correlations of

14 15 17 13

the chemical shifts of N, N, 0 and C (of the

Carbonyl group) in the amido groups of N,N-dimethyl amides
and N,N-diethyl amides are presented, as well as correla-
tions between the energy barrier restricting rotation

Qbout the C-N partial double-bond and the 15

13

N and carbonyl
g xroup C chemical shifts. The fifth section outlines
Tt he determination of proton chemical shifts by the 13C of f-

T esonance technique and the reassignment of proton and
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carbon chemical shifts in some amides. The sixth section
reports the solvent effects on some amides by 13C NMR.

The last section in this part describes a series of experi-
ments designed to investigate the solvation of Mn2+ in
N,N-dimethyl formamide.

Part two of the thesis consists of theoretical
studies of some selected amides by the intermediate neglect
of differential overlap (INDO) method. 1In this part, a
brief description of molecular orbital theories and
approximate molecular orbital theories are presented
initially. An historical section presents the bond length,
bond angles and dihedral angles used in these calculations,
along with some results of the CNDO/2 and EHT methods.

The calculated results relate the energy barrier for rota-

tion about the C-N bond to the charge distribution in the

amido group as the amide is twisted from the ground state

goemetry to the transition state configuration.




NUCLEAR MAGNETIC RESONANCE THEORY

1. Introduction to NMR Theory
It is well known from elementary nuclear magnetic
resonance theory1 that the possession of both spin and

charge confers on the nucleus a magnetic moment 1y,

given by
py=yIN=9g8I, (1)

where Yy 1is the magnetogyric ratio, which is charac-

teristic of each nucleus and is measured in radians sec-1

gauss-l, g is the nuclear g factor and I is the nuclear
spin quantun number . B is the nuclear magneton, which
is equal to efi/2Mc, where e and M are, respectively, the
charge and mass of the proton, c is the velocity of
light, and 11 is Planck's constant divided by 2w. When
the nucleus is placed in an external magnetic field H,,
there are 2I+1 energy levels available, each correspond-
ing to a different component of the angular momentum.
The allowed components of angular momentum along Ho have
the values m = I, I-1,...,-I (in units of #i) and its
€©nergy levels have the values E = -yfi m H . The

S election rule is Am = + 1 so the energy difference

AE between two levels is
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AE=wH/I=y%H,. (2)

Nuclear magnetic resonance occurs when transitions take

place between these levels. This can occur by the absorp-
tion of photons from an oscillating external field having
the correct polarization and satisfying the frequency con-

ditions in the above equation or

Vo = Y Ho/2ﬂ, (3)

where Vo is the frequency of radiation from an external
field which is absorbed by the nuclear spin system. Con-
tinuous irradiation by the rf field Hl would cause

all nuclei to precess around Ho' and no further absorption
of energy would occur if there were no other process at
work to restore the energetically favored orientation of
the spins. 1In fact, continuous energy absorption from
radiofrequency fields due to nuclear magnetic resonance
is observed over a long period if the rf power is not too
high. The processes responsible for this are referred to
as relaxation.

At equilibrium, nuclei are distributed among the
energy levels according to the Boltzmann distribution,
which favors the lower state. For the two orientations
xelative to Ho of nuclei with I = 1/2, the spin popula-
tions may be symbolized Na and NB' The distribution
NQ/NB can be expressed by the Boltzmann factor, and re-

calling that 4 E = u H /I = 2uH_ (I = 1/2),



N, /Ng = BE/KT L 1 4 AE/KT = 1 + 2uB_/KT . (4)

For carbon nuclei in an external magnetic field of about
20 kG at room temperature, Na/NB is of the order of
1.00000345. Consequently the populations of the two
spin states differ by only 3.5 ppm and so the nuclear

resonance absorption is very weak.

II. NUCLEAR RELAXATION - GENERAL THEORY

A. Spin-lattice relaxation

At resonance, the rf field Hl causes the transfer
of spins from the lower to the higher energy level. The
equilibrium distribution of the spins in the static field
Ho is disturbed. Following any process that disrupts
this distribution, the nuclear spins will relax to equili-
brium with their surroundings (the lattice) by a first-
order relaxation process characterized by a time constant
Tl' the spin-lattice relaxation time. Observed values of

4

T, cover a range of about 10 ° to 10+4 sec. This constant

reflects the efficiency of the coupling between the
nuclear spin and its surroundings. The shorter this
time, the faster equilibrium is attained and the more
efficient this coupling is, and vice versa.

For liquids with rapid molecular motions, Ty is
a measure of the lifetime of a nucleus in a particular

State. According to the Heisenberg uncertainty principle
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AE x At = h(Av > h (5)

172)T1

and the minimum width A V1/2 at half-maximum intensity

of an NMR absorption line is

If Wl and W2 are the transition probabilities of absorp-
tion and emission, respectively, and the total number of
spins is N, then the approach to equilibrium is described

by the following differential equations,

B2 Nawl

n
2
=

!

dNa/dt
(7)

1
2
=

dN_/dt
B/
and at equilibrium dNa/dt = dNB/dt = 0. If n is the
population difference between the two nuclear spin

states then the following equation can be derived:

dn/dt = 2 W,N_ - 2 W

2Ng N, = N(W, - W ) - n(W1 + W,). (8)

1 1

This equation can be rewritten in the form
dn/dt = (n - n_)/T,, (9)

if n, = N(W2 - wl)/(w1 + wz) and l/Tl = W1 + W2' The

solution to Equation (9) is
n = no(l - exp(-t/Tl)). (10)

Equation (10) describes the return of the Z component of



the magnetization to equilibrium after it has been dis-
turbed by the application of a pulse. This relaxation

is a nonradiative transition between two energy levels.

B. Spin-spin relaxation

In solids and liquids with slowly tumbling mole-
cules, internuclear dipole-dipole interactions become
important. Furthermore, energy quanta AE = 2uHo are ex-
changed between nuclei to a certain degree. Both
factors tend to shorten the lifetime of spin states,
again leading to line broadening. This second type of
first-order relaxation process 1is called spin-spin
relaxation and is characterized by a time T2.

The spin-spin relaxation time reduces the life-
time of a nucleus in a particular spin state to T, < Tl'
The linewidth at half-maximum intensity is expressed
more precisely by Avl/2 = 1/nT2. The observed linewidth
of an NMR signal depends additionally on the field in-

homogeneity AHO, which contributes to Avl/z so that

*
= l/1rT2 = Av + Av

Av1/2 (obs) 1/2 1/2 (inhom )

= 1/1T, + YAHO/Zn. (11)

*
Thus T2 includes contributions from both the natural

linewidth Avl/2 and from the magnetic field inhomogeneity

AVy /2 (inhom ) °



C. Comparison of spin-lattice and spin-spin relaxation

times

(1) Spin-lattice relaxation of nuclei (e.g., lH,

13C) in a molecule may be accelerated by interaction with

(a) adjacent nuclei having spins I > 1 (e.g., 2D, 14N,

l7O), since the electric quadrupole moments of such
nuclei result in additional fields in the tumbling mole-
cule, and
(b) unpaired electrons in paramagnetic compounds (radicals
or some metal chelates).

(2) Spin-spin relaxation of nuclei is accelerated

when they are bonded to another magnetic nucleus (170-1H,

14N-lH, 13C-1H). This relaxation, involving dipole-
dipole interaction, is very effective in solids and in
viscous liquids in which molecular motion is slow,
since the magnetic fields causgd by slowly tumbling
dipoles change very slowly.

(3) Spin-lattice relaxation occurs via transi-
tions which are stimulated by components of the local
magnetic field seen by a particular nucleus and which

fluctuate at its Larmor frequency. Fluctuations in the

local magnetic field are generated by variations in

Hdipolar caused by changes in r and 6 resulting from
Brownian motion. Hdipolar is given by
H = u_/4r3(3 cos?e - 1) (12)
dipolar Mz !



10

where r is the distance of the first dipole from the
second dipole and 6 is the angle between the axis of the
first dipole and the line joining their centers. This
dipole-dipole effect, due to the term r3, is a local

one and the average value of the H field is zero.

dipolar
However, at any particular time, the dipolar field is
not necessarily zero.

Spin-spin relaxation also occurs through local
magnetic fields, but in a different way. If one nucleus
undergoes a transition from one spin state to another,
then changes of Hloc at the correct frequency will in-
duce a transition in a second nucleus. If at this
particular time a second nucleus of the same type and
the opposite spin state is close by, then the two
nuclei can in effect exchange energy. Such a process is
not of the spin-lattice type as the total system energy
is conserved. A process of this type, however, does
affect the lifetime of the excited state, hence the
resonance linewidth. Spin-spin relaxation is an entropy
effect, as opposed to spin-lattice relaxation which is
an energy effect. The spin-spin relaxation time can be
defined as the lifetime or phase memory of the excited spin
state. The relationship between T1 and T2 can be
visualized by a vector model as shown in Figure 1. 1In

this model the nuclei are considered as vectors. 1In

the presence of only an external field Hz, the spin
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vectors precess about H, with random phases (Figure 1-A)
there being slightly more vectors parallel to the field
than opposed to it, as was previously discussed. The
average value of the magnetization in the x and y
directions is zero, i.e., <Mx> = <My> = 0. If now an

exciting field H, is applied precisely at the Larmor

1
frequency of the nuclei, then resonance occurs and they
attain phase coherence as shown in Figure 1-B. Mx and
M.y become finite and M, decreases appropriately.

An alternative description, and perhaps a similar
one, can be given using the idea of a rotating frame of
coordinates which will be discussed later. On the
removal of Hy, Mz returns to its original value at the
spin-lattice relaxation rate, however Mx and My relax
exponentially at a different rate, responding to any
process which changes phase coherence of the vectors but

not the total energy of the system. The constant T2 can

thus be defined by the following equations:
dMy/dt = --My/T2 and de/dt = -Mx/Tz. (13)

Equations (9) and (13) illustrate the origin of the
alternative names for Tl and T2 which are, respectively,
the longitudinal and transverse relaxation times. So
local magnetic fields fluctuating at the Larmor frequency

can contribute to both Tl and T2 relaxation process.

Static magnetic field, however, can only contribute to
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transverse relaxation. It is thus not surprising that

T., must be equal to, or shorter than, T In normal

2 1°
liquids Tl and T2 are often equal, though this depends
in detail on the molecular motions involved. In solids,
however, particularly at low temperatures, Tl may be
very long due to the lack of any suitable molecular

motion, while T, may be short due to static dipolar

2
fields. 1In changing from liquids to solids there are
changes in the absolute and relative values of T1 and T,-
Hahn2 experimentally observed the effect of a
single radiofrequency pulse applied to a spin system as had
been suggested by Bloch3. The pulse experiment is basically
quite different from the continuous wave (cw)4 experiment,
since it depends upon the behavior of the spin system
monitored just after the application of a single rf
pulse, rather than its being observed during the con-
tinuous application of low-level rf energy. Since pulse
techniques are now used almost exclusively in sophiscated

NMR instrumentation, the following discussion will mainly

focus on the theory of pulse techniques.

III. Phenomenological Theory

A. The Bloch equations

(1) The motion of the magnetization vectors in a laboratory

coordinate system

The earliest treatment of the magnetic resonance

Phenomenon is that of Bloch3’4. He used a vector model
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and treated the assembly of nuclear spins in macroscopic
terms. The starting point in his theory is the classical
equation of motion of a magnetic field Eo‘ Upon irradia-
tion with a rf field H1 at resonance, transitions between
the nuclear magnetic energy levels occur. The nuclear
spins change their directions relative to Hg- The

direction of the angular momentum P is now time dependent,

as shown in the equation
dp/dt = y x H, (14)

where H is the total field resulting from the static

field Ho and the rf field H By multiplying Equation

1.
(14) by the magnetogyric ratio y, one obtains

dy/dt = y y x H, (15)

where y = yp. If M is the vector sum of the u's, its

time dependence is given by
dM/dt = y M x H. (16)

The vector product M'x H can be expressed in terms of the
components along the three Cartesian coordinates (x,y,z)

and the unit vectors along these axes (i,j,k),

Mo H i
MxH-= Y Hy il = (MYHz - MzHy)l + (MH, - MH)] (A7)
M H k + (MH - MH)k
z Tz = Xy y x' =




)
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and the time derivative of M is
dM/dt = aM /dt i + AM /dt j + aM,/dt k . (18)

A comparison of Equations (17) and (18) yields

M /at =y (MH, - M H )
M /dt =y (MH - M H) (19)
M /dt = y (M.H - MH )

The field components Hx, Hy, and Hz can be expressed in

terms of the static field Ho and the alternating field Hl:

H_= H, cos wt, H_ = -H

x 1 y 1 Sin wt, H = H,, (20)

(o)

where w is the angular velocity of the rf field Hy in the

Xy plane. By combining Equations (19) and (20), one obtains

Equations (21) describing the motion of the components of
the magnetization vector produced by the fields HJ and

Hl (without considering relaxation)

de/dt =y (MyHo + MzHl sin wt)
dMy/dt = v (MZH1 cos wt - MxHo) (21)
sz/dt =y (MH; sin wt + MyHl cos wt).

In order to include spin-lattice relaxation and spin-spin
relaxation, the Bloch equations in the final form are

modified to give
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de/dt sin wt) - Mx/TZ

Y (MyHo + MzHl
dMy/dt =y (MzHl cos wt - MxHo) - My/T2 (22)
sz/dt = -Y(Mle sin wt + MyHl cos wt) - (Mz - MO)/Tl.

(2) The motion of the magnetization vector in the

rotating coordinate system

The path of the magnetization vector M subjected
to magnetic fields will be simplified in a coordinate
system rotating at the angular velocity w of the rf field
Hl’ In the rotating coordinate system Equation (16)

becomes
(@M/at) =y MxH-wxM, (23)

where w is the angular velocity of the three unit vectors
in the rotating coordinate system. Rearranging Equation

(23), we obtain
(Gg/ﬁt)rot =y MxH+ vy Mx wy
=Yp_/[x (§_+9/'Y). (24)

The term w/y has the dimensions of a magnetic field and
can be treated as a "fictitious" field that arises from
the effect of the rotation. If we define the effective
= H + w/Yy, then

field Eeff

(6M/6t) . =y M x Hopp - (25)
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Thus, in the rotating frame of reference the net magnetiza-

tion M precesses about Eeff'

B. NMR in the rotating frame of reference

Suppose the magnetization M precesses about the

effective field ge in a coordinate system rotating with

ff
frequency w = 27v about the z axis and symbolized as the

x',y"',z' frame of reference with rotating unit vectors i',
j's and k'.

(A) In the absence of H,, the magnetization vector M keeps

ll
its equilibrium value and orientation go in the z direc-

tion. M is thus time invariant in the rotating coordinate
system, so that Equation (25) is equal to zero, and con-

sequently Ee £ = 0 since M = Eo # 0. If the frame rotates

f
at the Larmor frequency Wy

vao, then w/y = wo/y, since
the effective field is zero, and the Larmor equation is

thus Ee (Ho + wo/y) = 0, so that wy = 7Y Ho. This

££
means that the rotational field w/y opposes Ho k' in the

rotating coordinate system, Figure 2(A), finally cancelling
Ho k' when the coordinates rotate at the Larmor frequency,

[TV
O

(B) If an rf field H,., 1 1’

pendicular to H, along the z' axis, the effective field

with w, = 27v is applied per-

Eeff in the coordinate system rotating at wy 1is

H

Hope = (H + w;/y) k' + Hy i' . (26)

1 =~
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If the coordinate system rotates at an rf frequency 2
matching the Larmor frequency Vo! the term (Ho + wl/y) k'
becomes zero. The remaining effective field at resonance

H,i, so that Equation (25) becomes

1S now I;Ieff(res) - 1

(6M/8t) . =y M x Hj i' . (27)

This relation tells us that at resonance the vector M

precesses about the field vector H, i', Figure 2(B).

1

Since the coordinate system and H, are chosen to
rotate at the same frequency, Hl lies along the rotating
X' axis. According to Equation (27) the vector M will
precess about the X' axis and the precession frequency
wy of M about the X' axis is w; =Y Hl. Thus, an rf

field Hl applied at resonance for t_ seconds, causes the

p
vector M to precess about the X' axis by an angle 6, where

wy by =y Hy tp (rad) . (28)

If only Ho is applied, the nuclear moments will precess
without any phase coherence. No resultant component of
the magnetization in the X'y' plane will be observed and
Mz will equal Mb' Figure 3(A). A radiofrequency Hl
applied perpendicular to Ho forces the nuclei to precess
in phase, tipping the vector Mo by an angle 6 toward the
y' axis, Figure 3(B). A transverse magnetization My.i'

in the x'y' plane arises and the magnitude of Mz' de-

creases. To restore equilibrium, the nuclei exchange
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e
Yl
1 X'
X
(A) (B)
z' 4
Ml' ~ Mo ‘
Mz"Mo A
-
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x' X
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Figure 3. Relaxation in the rotating frame of reference.
(A) only the external field H_  is applied;(B) a
radiofrequency Hl is applied Berpendicular to H o}
(C),(D) dephasing of magnetic moments in the x' y
plane and restoration of magnetic moments in the
' direction.
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energy with each other (spin-spin relaxation) and dephase,
causing My.i' to spread out in the x'y' plane and
finally decay to zero with time constant l/Tz, Figure

3(C,D). Dephasing may be accelerated by the field in-
*

homogeneity so that l/TZ(inhom)

is greater than 1/T2.
Moreover, the nuclear moments lose energy to their
surroundings (spin-lattice relaxation), causing MZEI to
increase to Mo. The decay of the magnitude of trans-
verse magnetization My' due to spin-spin relaxation (Tz)

*
or due to field inhomogeneity (T2) may be faster but can-

not be slower than the spin-lattice relaxation time (Tl).

C. Nuclear induction

At resonance the magnetization vector M precesses
about the vector Hlijof the rf field according to Equa-
tion (27). As a result, a component of transverse
magnetization My,i'rotates in the x'y' plane at the
Larmor frequency Voo If a receiver coil is placed in
the x'y' plane, the rotating magnetic vector My,ifinduces
an electromotive force measurable as an induced
current. This process is called nuclear induction. The
orientation of coil axis will affect the phase relative
to Hli' but not the magnitude of the induction current.

Following Equation (27), the magnetization vector
M is rotated toward the y' axis by the oscillation of
Hy i' in phase with the x' axis of the rotating frame.

The current Iin due to the induced EMF opposes the

d
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inducing magnetization. At resonance, the magnetization
vector rotates 90° behind H, i'. The maximum induction

current, however, is observed 90° ahead of Hy i'.

In practice it is usual to study a spin system
which, in an external field Ho' contains chemically non-
equivalent nuclei each with a different precession fre-
quency. In a pulsed NMR experiment, the sample is
irradiated by short, intense rf pulses. The rapid
switching necessary to generate such pulses generates
Fourier components over the range v_ # l/tp, where v
is the rf frequency of the instrument and tp is the pulse
width. Every frequency component in the range Vo + 1/tp
is present and any nuclear spin which precesses at a fre-
qguency within the range is excited by the appropriate
frequency. A short rf pulse is therefore equivalent to
the simultaneous application of a wide range of rf fre-
quencies to the spin system. According to Equation (28),
the rf pulse width tp seconds, Figure 4 (A), rotates the
magnetization vector by an angle 6§, Figure 4(B). A
transverse component of magnetization My' results. The
magnitude of My. is given by My, = M, sin wltp as can be
seen in Figure 4(B). Following the rf pulse, the trans-
verse magnetization My, decays exponentially to zero via
spin-spin relaxation, Figure 4 (C).

At resonance the magnetization My, always has a

phase shift of 7/2 relative to the rf field H, in the

1
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Figure 4. Free induction decay. (A) rf pulse as input
signal; (B) sample magnetization during the
rf pulse; (C) free induction decay following
the rf pulse; (D) output for rf at resonance;
(E) output for rf off resonance.
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rotating coordinate system. This is due to the experi-
mental arrangement and is not affected by pulsing. Thus,
a nuclear induction current étemming from the decay of
My' is built up in the receiver coil following the rf
pulse, Figure 4 (D).

If the rf frequency differs from the Larmor fre-
quency of the nuclei to be investigated ("off resonance")
the transverse magnetization My, is rotating relative to
the.coordinate system after the pulse has ended. My. and Hl
periodically reéhase and dephase, Figure 4 (E), leading to
a response analogous to the wiggles observed in cw high-
resolution NMR spectra. The spacing between two best
peaks is the reciprocal of the difference between the
frequency of the pulse and the Larmor frequency l/(v1 - vo).
Figure 4(E).

The time domain function F(t) arising from the re-
laxing spins following an rf pulse is called the free in-
duction decay (FID) signal or the transverse relaxation
function (5). Due to chemical shielding, each nucleus
may come into resonance within a range of Larmor fre-
quencies sw (sw = spectral width), 2n(sw) = Wy = Wy
depending on its chemical environment. In order to
rotate all nuclear spins within that range by the same
angle 6, the strength of the rf pulse must be

YH, >> 271 (sw). Furthermore, the pulse width must be

1

shorter than the relaxation times,tp << Tl,Tz,so that

relaxation is negligible during the pulse.
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For a liquid sample containing identical nuclei,
the transverse magnetization My will arise from one
Larmor frequency, which is actually the maximum of a very
small frequency distribution caused by spin-spin relaxa-
tion and slight field inhomogeneity. The FID signal
F(t) of this sample decays exponentially according to

-t/T2
F(t) = F(0)e

, where F(0) is the amplitude of the
FID signal at the time the pulse has stopped. If a
sample contains equivalent nuclei A (e.g., 13C) subject
to spin-spin coupling with nuclei X (e.g., 1H), the
transverse magnetization will arise from two or more
Larmor frequencies, depending on the multiplicity. The
corresponding magnetization vectors periodically rephase
and dephase with the field vector H, as in the off-
resonance case. The FID signal is thus modulated by the
frequency of the coupling constant JAX’
Similarly, in a sample containing two non-equi-
valent nuclei A, and Ay, the transverse magnetization
results from two components due to two Larmor frequencies.
In this case, the FID signal is modulated by the chemical

shift difference of Larmor frequencies, v = v FID

1 - V2

signals caused by rf pulses and modulated by spin-spin
coupling and chemically shifted Larmor frequencies are
referred to as pulse interferograms. In most pulsed NMR

experiments, the rf pulse is -applied off resonance.
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Modulated pulse interferograms arise because the vectors
of transverse magnetization do not precess with a con-

stant phase shift of 7/2 relative to the vector H as

1’
shown in Figure 5. The transverse magnetization is then
the resultant of two components, v(t) with a phase shift

of /2 relative to Hl’ and u(t) in phase with Hl' where

v(t) Mo sin 6 cos wt

(29)

u(t) Mo sin 6 sin wt .

In mathematical treatments of FID and NMR signals, F(t)
and F(w), it is convenient to use complex quantities.

The time domain signal is then defined by

F(t) = v(t) + i u(t), where i = +/-1 . (30)
Combining Equations (29) and (30) yields

F(t) = M, sin 6 (cos wt + 1 sin wt) (31)
or, recalling that

iw
e t

cos wt + 1 sin wt, (32)

iwt

F(t) MO sin 0 e . (33)

Since NMR spectra are not sequences of lines representing
discrete Larmor frequencies but sequences of Lorentizian
frequency distributions f(w), Equation (33) must be

replaced by
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Figure 5. The components v(t) and u(t) of the transverse
magnetization in the rotating coordinates for the
off-resonance case ( Wy - W= w # 0).
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F(t) = M_ sin 8 /1 £(w) ™" qu, (34)

wt

where Mo sin 6 et is multiplied by the frequency f (w),

and w represents the difference between w, and the Larmor

1

frequency distribution W + Aw, w = wy = (wo + Aw) .

10t ust be integrated over

Furthermore, Mo sin 6 f(w) e
the Larmor frequency distribution with limits of integra-
tion +~. Equation (34) can be solved by developing it
as a complex series of sines and cosines according to
Equation (32). This is a Fourier seriesG. Thus, we can
say that an exponential in the time domain, F(t) and a
Lorentzian in the frequency domain f(w) are Fourier
transforms of each other7'8'9.

Fourier transformations of pulse interferograms
are normally performed in digital computers. Consequently,
the FID analog signal must pass through an analog-to-
digital converter (ADC). The sampling time during which
FID data points must be collected in order to gain the
true NMR spectrum after Fourier transformation depends
on the spectral width (sw). According to information

10,11

theory , the sweep time per data point, called the

dwell time (dw), must satisfy the relation
dw < 1/2(sw). (35)

Multiplying the dwell time by the number of data points
(dp) to be collected during the FID yields the acquisi-

tion time (AT) required for recording the interferogram
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digitally,

AT = (dp) x (dw) < (dp)/2(sw) . (36)

When several pulse interferograms must be accumulated in
order to improve the signal-to-noise ratio (S/N), AT is
the minimum repetition time between two pulses or the
minimum pulse interval. Sometimes, Larmor frequencies
not included in sw contribute to the FID signal. This
occurs only when partial spectra are desired. All
frequencies outside of the spectral width given by
Equation (35) at a certain dwell time will be "folded
back" within the range sw of the Fourier transformed FID.
This is also true for high- and low-frequency noise. 1In
order to avoid folding back peaks in FT NMR spectra,
frequency components higher than sw must be filtered be-
fore digitization.

In order to optimize the pulse interferograms for
Fourier transformation, the rf pulse frequency must be set
outside the Larmor frequency range to be observed. This
requirement is due to the experimental arrangement, which
measures frequency difference relative to the rf field
using phase sensitive detectors. Positive and negative
frequencies relative to the rf frequency cannot be dis-
tinguished in the FID. Fourier transformation of an
interferogram obtained by an rf pulse of frequency v.,

which is within the spectral width sw, yields a distorted
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NMR spectrum in which the frequencies on both sides of
the rf pulse overlap. To optimize the FID signal, the
pulse width tp must be adjusted for a 90° pulse and the
power must also be very strong without saturation, so

that YHl << 2 (sw). Combining this relation with Equa-

tion (28) gives
tp << 1/4 (sw). (37)

Routine Fourier transformations of the FID are
achieved in digital computers with a memory size of
4-20 K. The transformation program makes use of the

Cooley-Tukey algorithm12’13’14

, which requires a minimum
time for multiplications and efficiently uses the computer
memory. This computation is called the fast Fourier
transformation (FFT) and requires less than one minute
for transforming an 8 K interferogram, depending upon the
speed of the computer. FFT computation yields both real
and imaginary FT NMR spectra, v(w) and iu(w), which are
related to the absorption and dispersion modes of cw
spectra. These two parts of the complex spectrum are
stored in different blocks of the memory and can be dis-
played on an oscilloscope to aid in further data manipula-
tions.

The real and imaginary spectra obtained by Fourier

transformation of FID signals are usually mixtures of the

absorption and dispersion modes. These phase errors
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mainly arise from frequency independent maladjustments
of the phase detector and from frequency dependent in-
fluences such as the finite pulse length, delays in the
start of data acquisition, and phase shifts induced by
filtering frequencies outside the spectral width sw.

One method of phase correction assumes a linear dependence

of the phase g on the frequency,
g =0, + v (38)

where ¢a is the phase at frequency difference zero, and
¢b is the phase shift across the total spectral width from
zero to sw Hz. Correction of the real part for absorp-
tion mode yields the dispersion mode in the imaginary
part and vice versa. The S/N ratio, or resolution of the
FID and its Fourier transformation, can be improved by
digital filtering. This involves multiplication of the
FID with an exponential eiat.15 Negative values of at
will enhance the signal-to-noise ratio while causing some
artificial line broadening. Positive values of at improve
the resolution at the expense of sensitivity. For a

dwell time (dw) limited by the spectral width according

to Equation (35), the resolution dv of a FT NMR spectrum

depends on the number of data points (dp) constituting

the digitized FID signal to be transformed,

dv = 1/(dp) (dw) = 2(sw)/(dp) Hz. (39)
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For the S/N improvement of weak signals, FID's are
accumulated many times. According to Equation (36) the
minimum repetitive time of an 8 K 13C interferogram at a
spectral width 5 kHz is 0.82 sec. Spin-lattice relaxa-

13C nuclei such as quaternary 13C

tion times of some
atoms are as long as 100 sec, so that Tl is greater than
At. These nuclei cannot relax within the pulse interval.
Using the Bloch equations, a steady state will be reached
in this caselG, the magnetization is attenuated and the
signal strength depends on the ratio of AT/2T1. The S/N
ratio of the FID and its Fourier transform will decrease
as a result. An obvious way to avoid this attenuation

is to add a pulse delay (> 5T1). However, accumulation
of pulse interferograms becomes time consuming. A more
practical way is to decrease the flip angle 6 below 90°
by reducing the pulse width. Restoration of the equili-
brium magnetization then requires shorter periods. How-
ever, the transverse magnetization is also decreased by
reducing the flip angle. The best way to optimize the
S/N is to use the so-called driven equilibrium Fourier
transform NMR (DEFT NMR). This method involves a three-
pulse sequence, 90° - 1 - 180° - t - 90° with a repeti-
tion time tr sec. This sequence refocuses the
magnetization vector Mo into its equilibrium position

within the repetition timel7’18’19.
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D. Comparison between cw and FT NMR

As is true of any time-domain function F(t), a

square-wave rf pulse of width t_ can be approximated by

p
a Fourier series of sines and cosines with frequencies
n/2tp (n = 1,2,...)5’6. A pulse of width tp thus

stimulates a multifrequency transmitter of frequency
range sw = 1/4tp. Thus, a tp = 250 usec pulse simul-
taneously rotates with Mo vectors of all nuclei with Larmor
frequencies within a range of at least sw = 1000 Hz. It
stimulates at least 1000 simultaneous transmitters, the
resolution in the Fourier transform depending on the
number of FID data points (Equation (39)), not the
stimulating time, tp. During the 250 usec, only
0.5 x 10.6 of a 1 kHz scan is stimulated in a cw experi-
ment using a 500 sec sweep to cover 1 kHz. A more
realistic comparison takes into account the time re-
qguired for the Fourier transformation and the sweep
time in a cw experiment at a spectral width of 1 kHz:
(1) Fourier transformation of a 2 K FID takes about
10-25 sec, (2) Using a sweep of 1 kHz/500 sec the cw
experiment needs 500 sec. Furthermore, the 500 sec re-
quired for the cw experiment can be used to accumulate
at least 1000 2 K FID signals. The S/N of FT NMR is
thus increased by a factor 10/10 over the cw experiment.
In summary, FT NMR is much more efficient for

equivalent measuring time,and much less time consuming
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for equivalent S/N ratio, in comparison to cw NMR. FT
NMR follows the Fellgett principlezo’Zl: The signal-to-
noise ratio of any spectroscopic experiment increases if
simultaneous multichannel excitation is applied. 1In

the FT NMR technique, rf pulses stimulate multichannel
transmitters. If m transmitters are stimulated simul-

taneously, the enhancement factor relative to one channel

excitation (m = 1) is
(S/N) = (S/N); /m . (40)

The minimum number of simultaneously exciting channels m
required for resolving a spectrum of width sw at a

resolution dv is
m = sw/dv . (41)

Combining Equations (39) and (41), the number of simul-
taneously exciting channels stimulated by a rf pulse
is therefore m = dp/2, which depends only on the computer
memory size, and yields an enhancement of factor vdp/2.
Thus, according to the Fellgett principle, a FT NMR
spectrum obtained from an 8 K FID should give a S/N en-
hancement factor of /4096 = 64 relative to a cw spectrum
of equal width, resolution and measuring time.

Due to this greatly enhanced sensitivity in com-
parison to cw NMR, the FT method has made 13C NMR into

a routine method of structure analysis for all molecules
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13C in its natural abundance of 1.1%.

containing
Additionally, phase-corrected FT NMR spectra contain
all spectral details without the line-skewing and ring-
ing observed in cw spectra. Short-lived molecules can
also be measured by FT NMR and sensitivity enhancement
by accumulation of FID's before Fourier transformation
requires much less time than the accumulation of cw NMR

spectra due to the small time required for acquisition

of FID signals.

IV. THEORY OF CHEMICAL SHIFTS
When a molecule with a fixed geometry is placed
in an external magnetic field go, the electrons will
produce a secondary field H' at any nucleus, where H'
is not necessarily parallel to Eo' The relation be-

tween H' and Eo is given by the equation
’ (42)

where g is a second-rank tensor which depends on the
position of the nucleus in the molecule. In solution,
molecules are rotating rapidly and randomly such that
the chemical shift is determined by the mean component
of H' along the direction of go, averaged over many
rotations. As a result of the averaging the tensor g
can be replaced by a scalar ¢, which is the mean value

of the diagonal elements of the tensor,
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o = 1/3(0xx + Oyy + ozz). (43)

A general expression for the tensor components Opx? cyy

and . has been derived by Ramsey22 for the case of an

isolated molecule

2 2
2 2 (xa + ya)
o,, =(e"/2mc )<0|Z =3 | 0>
a
2.2, 22 -1 2L, .z
- 14
-(e“h“/4m"c”) I (E - E) (<O|2La’z|n><n|2 —4|0>
n#0 a a r,
2La 2
[
+ <0]§ ——;§—|n><n|§La'Z|0>), (44)
a

where <0| refers to the unperturbed electronic ground
state wave function and <n| to the excited state wave
functions, with energies corresponding to Eo and En’
respectively. r, is the separation of the‘nucleus and
electron (whose coordinates are x,y,z)and L, is the z
component of the electronic orbital angular momentum
operator. The summation is over all the electrons in
the molecule. The first term in Equation (44) is called
the diamagnetic term cd, and the second term the para-

magnetic term cp, so that
g = od + op . (45)

This equation, however, is difficult to apply and, ex-
cept for the smallest systems, gives inaccurate results.

To evaluate of precisely it is necessary to have detailed
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knowledge of the energies and eigenfunctions of all the
excited states of the molecule including the continuum.
The latter difficulty may be circumvented by replacing
all excitation energies with an average value, AEav.
For the larger molecules od and of tend to become very
large, and of opposite sign, hence ¢ becomes the
relatively small difference between large terms and its

118

value is highly uncertain. Saika and Slichter have

taken o to consist of three components,

g. = oq + o? + L 0.., (46)

j 3 igy 13

where o? and o? refer to the diamagnetic and paramagnetic
contributions from the electrons associated with the atom
containing the given nucleus and 054

J
tribution from the other electrons in the molecule. 1In

represents the con-

diamagnetic molecules the experimental range of nitrogen
and carbon chemical shifts is about 900 ppm and 200 ppm,
respectively. Contributions from oij are usually not
more than a few ppm and can sometimes be neglected when
comparing the changes in electronic screening in a number
of different molecules. Similarly, the effects of ring
currents, solvents, neighboring electric fields and
shielding anisotropy can sometimes be ignored when the
sources of nuclear screening in nitrogen and carbon NMR

are being €ompared in a related series of compounds.
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Karplus and Pople23 concluded from the results of
their detailed LCAO-MO treatment of carbon and nitrogen
shieldings that variations in o are the dominant factor
governing those chemical shifts. In the average excita-
tion energy approximation (AEE), Pople24 had shown that

the resulting expression for o? is

P e” h -3
gf = = <r > Z Q.. (47)
2m2;2AEa 2p 1)

v.

where the summation over i includes atom j. Also,

Q5 = 4/3 8,5 (Pxixj *P, g *P, )

- 2/3 (P P P P
XiX5 Y;Y 5 XiX3 232 Yi¥y 2525

+ 2/3 (P P + P P + P P )., (48)
Xi¥4 XYy X;2y szi y.zj y.2Z,

where aij is the Kroenecker delta, <r.3>2p is the mean
value of the reciprocal cube of the 2p orbital radius,
called the orbital expansion term, and all P's are the
elements of the bond order matrix for the atomic orbitals

comprising the molecular orbitals. Thus,

ocCcC.

P =273 c c ., (49)
uv s su sv

where csu are the coefficients of the atomic orbitals
Xu in the linear combination of atomic orbitals (LCAO)

description of the molecular orbital ¢s’ i.e.,
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X e (50)

g =1IcC u
u

S su

In Equation (47) AEav is the average excitation energy.

The usefulness of this approximation depends upon whether
AEav. may be assumed constant for‘a group of molecules.
The subscripts xi,xj,yi,yj,zi and zj correspond to the
various 2p orbitals of atoms i and j. The factor
<r-3> correlates the electron density around the carbon
atom with the size of the 2p orbital. An increase in
the electron density on the atom containing nucleus j

3

leads to a decrease in the value of <r >2p and thus a

decrease in the absolute magnitude of 0?. Since the

paramagnetic term make a negative contribution to the
screening parameter the resultant effect is to increase
the shielding and to shift the NMR signal to lower fre-
quency, i.e., to higher field.

The total variation of the screening constant due

d 25

to changes in ¢~ was estimated by Pople to be no greater

than 20 ppm, so it was considered to be of secondary

importance in determining the shielding tensor.

13

A. Substituent effects on C chemical shifts

Organic molecules, except some highly strained
compounds, can be viewed as derivable by substitution
upon a simple molecular framework. Adopting this kind
of broad view, substituent effects can call for a com-
plete review of the relationship between 13C chemical

shifts and molecular structure.
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13

To intrepret substituent effects on C chemical

13

shifts, the shielding parameter o for C can be ex-

pressed in terms of two components,

o=g0 + g (51)

intra inter’

where o, is the intermolecular term which is the
inter

induced magnetic field on the atoms of the medium
surrounding the molecular species of interest. This
term is expected to be small. The intramolecular term,

o , which is an intrinsic property of the pertinent

intra

species under consideration, can be separated into two

terms,

(o =0 + 0

intra el (52)

A°

Equation (52) is similar to Equation (46). Oa1 is

associated with the local electronic current about the

nucleus. The second term, is the so-called neighbor-

Opr
anisotropy effect, which arises from the magnetic fields
produced by the electronic currents of other atoms.

The chemical shift due to a change in the electronic

environment of the nucleus can be separated as follows:

8 = =-(0, = 0,) = =(0 -0 + 0 -0
12 2 1 el2 ell A2 Al

+ 0O, - 0. ) (53)
1nter2 1nterl

where the negative sign in front of parentheses is due
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to the normal convention of designating a lower shielding

by an algebraically higher chemical shift. Here

12 12 12
512 - Gel + GA + 6inter ! (54)

12 12 12
where -Gel, GA and -Gin

chemical shifts due to variations in the local electronic

ter 2re the changes of the

environment, neighbor-anisotropy effect and the induced
magnetic field on atoms of the solvent , as the system is
changed from state 1 to state 2.

For the solvent effect, one must consider all

three contributions on the right side of Equation (54).

12

6inter

can be expected to be small, since Ointer 1S quite

small, so a solvent effect would mainly depend on the
intramolecular shielding contributions. Furthermore,
except in cases where a medium change brings about
marked alterations in conformation, or in conformational
distributions of highly anisotropic structural groups,
the effect of a medium change upon Oa should be small and

solvent effects on 13

12
el’

C chemical shifts would mainly fall
on ¢

The effects of structural or substituent changes

on 13C chemical shifts would generally be described in

terms of Gii and 6;2, unless the change can cause a

marked alteration of the solvation or cage structure of

the medium in the immediate vicinity of the pertinent

12

species. The Gel term can be further separated into four
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contributions:

12 _ 512, g12 , 12 4 512 (55)

del E FE St mis

All these terms affect the local electronic distribution
and shielding of the relevant nucleus. Here 6%2 is due
to the effect of the changes in the electronic bonding

2
framework, G;E’
with difference in through-space polarization of the two

an electronic field term, is associated

relevant species, Géi,

the effects of close-range perturbations exerted by two

a so-called steric term, is due to

closely spaced structural groups, and an additional term

G;is is used to account for any difference between the

local electronic distribution and shielding of the nucleus
in species 1 and 2 due to miscellaneous electronic in-
fluences which are not properly included in the other
terms of Equation (55).

12

The GE term includes the classical types of sub-

stituent effects that will be transmitted to the relevant
atom via the electronic bonding network (i.e., inductive

and mesomeric effects). The electronic field term G;é
represents the interaction that has been discussed as
the "field effect" in considering substituent effects

on chemical reactivity. The steric term Géi represents

the kind of effect described by Grant and coworkers26 to
explain the increase in shielding which has been identified

empirically with the occurrence of a strong 1-4
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interaction between a given carbon and another carbon
atom (or other "heavy" atom) that is separated from it by
three bonds, the intensively studied "y effect". The
miscellaneous term Giis could include various types of
electronic perturbations such as the intramolecular dis-
persion interaction proposed by Schaefer, Reynolds and
Yonemots27 or a weak transannular interaction between a
carbonyl group and a nucleophilic site in the same mole-
culezs.

When a structural substitution is made, there will

be a small change of geometry which further divides GE

into two terms as follows:

12 _ 612 + 612 + 612 + 612 + 61? , (56)

Gel - °7E GE FE St mis

where we have separated GE into a contribution 6TE which is
transmitted through the electronic bonding framework
(associated with a fixed geometrical arrangement of
atoms), and a contribution SGE that results from altera-
tions in the local electronic environment of the nucleus
due to perturbations in the geometry of the basic
structural framework.

The partitioning of substituent effects according
to Equations (54) and (56) leaves us with a rather large
array of terms. So far, the various kinds of effects in

Equation (56) have been discussed qualitatively in many

articles; however, quantitative partitioning was not
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successful. One of the main obstacles to this kind of
partitioning is the generally unknown geometrical arrange-
ments of the atoms in the flexible molecule. Another

type of uncertainty that may complicate the task of de-
tailed partitioning of substituent effects is the role of
solvent effects, which may differ markedly from one

sample to another sample, and significant solvent perturba-

tion effects on 6. can occur.
intra

V. DOUBLE RESONANCE IN NMR
The proton broadband decoupling experiment is the

most important decoupling technique used in 13C NMR. 1In

this kind of decoupling experiment, the 13C - 1H coupling
is removed.

In general, spin decoupling is achieved by
irradiating an ensemble of nuclei not only with a rf
field Hl at resonance with the nuclei to be observed, but
also with a second alternating field H, at resonance with
the nuclei to be decoupled. NMR double resonance ex-
periments are often symbolized by putting the nuclei to
be decoupled in the brackets beside the nuclei to be
observed: A-{X}. Using a coordinate system rotating at the
angular velocity, w, = 2nv2, of the irradiating rf fre-

quency H,, the effective field produced, in the double

resonance experiment on an Axn system, is given by

(57)
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If H2 is applied at the resonance frequency of nuclei

X, mz/y will cancel Ho' so that Heff = Hz. As a result,

the magnetization vectors of X will precess perpendicular
to Ho while the spins of the observed nuclei A are still

quantized along Ho. Since the observed coupling between

A and X is the scalar product of I, and I the observed

A =X'

splitting J will be zero in this case.

AX (obs.)
In a 13C - {H} broadband decoupling experiment,

all the 13C - lH multiplets are completely decoupled. To
achieve this, YXHZ should be made considerably greater
than 21r(sw)x by modulation of the decoupling frequency
by an audio frequency or white noise.

The proton broadband decoupling experiment can

13

simplify C NMR spectra and increase the sensitivity.

However, information concerninag the multiplicity of the
13C signal is lost. To retain that information, proton
off-resonance decoupling may be applied. Under these

13

conditions, the residual one bond Cc - lH coupling con-

stant Jr is given by

_ _ 2 2.1/2
3, = [(bv - 1/2 3))° + (¢ Hy) "]

- [(Av + 1/2 Jo)z + (% 32)2 /2 (58)

where Jo is the splitting of an undecoupled multiplet in
the observed spectrum, Av is the difference between the
resonance frequency of the corresponding decoupled nuclei

and the decoupling frequency, and ¥H2 is the power of the
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decoupling field. If H, is sufficiently strong that

¥H, >> [Av], |Jo|’ then Equation (58) reduces to

J. = JoAv/¥H2 . (59)

The off-resonance cw spin decoupling technique has been

13

widely applied to the assignment of C NMR signals and

such experiments are reported in many articleszg.

For measuring 13C - lH coupling constants, broad-
band decoupling and off-resonance techniques cannot be
applied. However, the S/N ratio of coupled 13C NMR
spectra is much lower due to signal splitting and lack of
nuclear Overhauser effects. It is possible to achieve
NOE signal-to-noise enhancements without decoupling
effects by applying the decoupling power H, only between
Hy pulses (i.e., not decoupling during acquisition time).
Coupling constants can then be measured without much
loss of sensitivity.

Intensities of 13C signals are affected to a vary-

ing extent in 13

C - {H} NMR spectra due to different NOE
and Tl values, so that the relative numbers of non-equi-
valent carbons cannot be determined by integration in
13¢ - {H) nmr spectra. To prevent this error, there are
three ways to remedy the problem of different T, values:
(1) Set a long enough delay time between pulses to result
in the complete repolarization of all nuclei, (2) Use a

very short pulse which perturbs the populations of the



47

spin states very little, or (3) Add a small amount of
paramagnetic material to make all T1 values short compared
to the pulse repetition rate. There are also three ways
of dealing with the problem of variable NOE effects:

(1) Operate without proton noise-modulated decoupling.
This has the disadvantage that the reappearance of the
multiplicities will cause severe overlap of l3C spectra.
Furthermore, the usual gain in signal-to-noise due to
NOE will not be realized, (2) Gate the decoupler on
during the acquisition time and off during the rather
long delay time, and (3) Add a small amount of a para-

magnetic species which can quench the NOE for all of the

carbons without unduly broadening the lines.

VI. NUCLEAR OVERHAUSER EFFECT

The nuclear Overhauser effect (NOE) is the change
in the integrated intensity of the NMR absorption for
one nuclear spin as a result of the concurrent saturation
of another NMR resonance. The term "Overhauser effect"
originally referred to the dynamic polarization of nuclei
in a metal30 when the electron spin resonance was
saturated. The first application of this effect in a
system containing only nuclear spins was made by Solomon

and Bloembergen3l

in their study of chemical exchange in
HF. Thereafter, the nuclear Overhauser effect found many
applications such as the analysis of complex nuclear

magnetic resonance spectra32, the study of chemical
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exchange33, the study of nuclear relaxation34, and signal-
to-noise improvement in NMR spectra35.

The nuclear Overhauser effect is commonly observed
in l3C - {H} experiments and arises from an intramole-
cular dipole-dipole relaxation mechanism. Any nucleus
with a spin is a magnetic dipole. Two such nuclei A and
X in a molecule having intermolecular and intramolecular
mobilities (rotations, vibrations, translations) give rise
to fluctuating fields. Eneragy transfers between A and X
may occur via fluctuating fields. 1In an A - {X} experi-
ment, the transitions of nuclei X are irradiated while
the resonance of nuclei A is observed. Since the irradiat-
ing field is very strong, the homonuclear relaxation pro-
cesses are not adequate to restore the equilibrium popula-
tion of the nuclei X. The nuclei X may transfer their
energy to the nuclei A via the internuclear dipole-dipole
interaction. The nuclei A, receiving these transferred
amounts of energy, behave as if they have been irradiated
themselves and relax. By way of these additional heter-
nuclear relaxation processes of the nuclei A, induced by
double resonance, the population of the lower A level
increases. As a result, the intensity of the A signal is
enhanced.

To consider mathematically how the NOE enhance-
ment occurs, let us start with a system of two nuclei of

spin 1/2 (e.g., I = 13C, S = lH), without J coupling, in
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an external magnetic field Ho along the Z direction. The

energy level diagram for this two-spin system is shown

in Figure 6. If the spins are labelled as I and S, then

the energy levels can be designated as follows:

spin
spin
spin

spin

The W's are

1)

1I

1s

is a, spin S is @ —— ++
is a, spin S is B —— +-
is B, spin § is ¢ —m——— -+
is B, spin § is B —m—8 -- .

the transition probabilities, which are:

the single quantum transition probability
that spin I will go from a to B8 (or B to a)
while the state of spin S remains unchanged.
the single quantum transition probability for
spin S when I remains unchanged.

the two-quantum transition probability for
the two spins to relax simultaneously in the
same direction, i.e., == to ++ or ++ to --.
the zero-quantum transition probability for a

mutual spin flip, i.e., +- to -+ or -+ to +-.

The Hamiltonian for this system of two nuclei of

spin 1/2 (I and S) is

H

where H

M

Hy

36

- - ?
‘ﬁYIHoIz ‘ﬁYsHoSz"H' (60)

is the Hamiltonian operator for the motion of

the two nuclei I and S, and commutes with the spin
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Figure 6. Energy level diagram and transition probabilities
for a two-spin system without J coupling.
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operators. The next two terms are the Zeemann energies
of the spins in the constant magnetic field Ho' H' is
the dipolar interaction term of nuclei I and S, which is

considered as a perturbation,

52 Y1 Ys
H' = ~(——2)[3(L - ©)(S 1) - 1-58]. (61)

. =
If the populations in each energy level are designated

as N N N and N__, then the following rate laws

++' T4 -+

can be written:

dn,
= = ‘(W11 + Wit WZ)N++ + W Nt WgN,o
+ W,N__ + const.
dN, _
gt - "Wz * W ¥ WgIN, o+ WN_, o+ WgN,,
+ W,I.__ + const.
aN_,
ge = "Wyp Wy F W IN_ F WN  WgN (62)
+ W IN _ + const.
aN__
g - "(Wa W FWGIN W N L WNL,
+ W,N__ + const.

The constants are obtained by considering the system at
temperature equilibrium and inserting the proper

Boltzmann factors, and are unimportant in the
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computation of the relaxation times. The experimentally
observable quantities are the macroscopic magnetic moments

<Iz> and <5,>, which are given by

(N, +N_) - (N_, +N_)

+ K <IZ>

++
(63)

(N, + N_

) - (N + N )

— - K <S,> .

++ +

Combining Equations (62) and (63) yields

d<Iz>

3t = =(W, + 2W, . + W,)<I > - (W, - W )<S > + const.
(64)

d<Sz>

IE = -(w2 - wo)<Iz> - (WO + 2wlS + W2)<Sz> + const.

With respect to the equilibrium values I, and S, we may

write
d<Iz>
dt = —(Wo + 2wlI + w2)(<Iz> - Io)

- (W2 - wo)(<Sz> - So)

(65)

d<Sz>
dat = -(WZ - wo)(<Iz> - Io)

- (W, + 2W, o + W,) (<5,> - 5 ).

Equation (65) shows that the decay of the observed
magnetizations <Iz> and <Sz> is not a simple exponential,
but a linear combination of two exponentials. If we

apply an intense rf field at the resonance frequency of
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spin S, so that the populations in states |+> and |->
are equalized ("saturation"), we will have <§,> = 0 and

the decay of <Iz> becomes

d<Iz>
3t = —(Wo + ZWlI + Wz)[<1z> - Io(l +n)l. (66)
Here n is defined by
T (&
o 11 2 Y1

where Yg and Y, are the gyromagnetic ratios of spins S
and I, respectively. It follows from Equation (66) that
<Iz> decays exponentially with a time constant l/Tl

given by

l/T1 = Wo + 2W1I + W2 . (68)

Equation (66) also tells us that saturation of the S
nucleus changes the equilibrium value of <Iz> to

(1 + n)<Io>, giving rise to the familiar nuclear Overhauser

enhancement (NOE)37’38
Idecougled
NOE = = (1 + n), (69)
coupled
where Idecoupled and Icoupled are the integrated in-

tensities of the decoupled and coupled spectra, respec-
tively.
Calculation of the transition probabilities shows

that the maximum enhancement occurs when the relaxation
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mechanism of the I spin is dominated by dipole-dipole
coupling to the S spin. Consider the interaction be-
tween two nuclear spins (I = 1/2, S = 1/2) acting as
magnetic dipoles with the internuclear vector having
polar coordinates, r, 6, and ¢, with respect to space-
fixed axes. The dipole-dipole interaction term in

Equation (61) can be rewritten as39

z A r , (70)
m
where Y2 m are second-order spherical harmonics normalized

’

to unit root-mean-square averages,

Y, o= (5/012 (1 - 3 cos?o)
Y = +(15/2)1/2 i i

2,41 = % cos 6 sin 6 exp(+ ig) (71)
Y2,12 = -(15/8)1/2 sin26 exp (+ 2ig).

In the expressions for these functions, 6 and g are time
dependent due to molecular motions in the liquid. The

spin operators Am in the dipolar Hamiltonian are

a, = (/92 kix s - 1/a(1,5_ + 1.5,)]

(o}
- _ 1/2
Ail = -(3/10) K[IiSz + Izsi] (72)
_ 1/2
A, = -(3/10) K Iisi '

where the spins are designated I and S, and K ='ﬁnyS.

According to time-dependent perturbation theory the

probability per unit time of a transition being induced
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between states ¢1 and ¢j (energies are E. and Ej,

respectively) by a stationary random interaction is

ffm<<¢i]H'(t)|¢j><¢j|H'(t+r)[¢i>>a .exp(-iwijT)dT, (73)

v

where < >av indicates that an average is taken over a

statistical ensemble. The transition frequency,

E, - E.
w,: = —&;¥r—ly is expressed in radians sec l. Substitu-
tion of the dipolar Hamiltonian in Equation (73) leads

to

W..
1)

2 4o -6
£[<¢i]Am|¢.> S Yy p(B)Y, p(t+T)r >

5 .exp(-imijt)drl,

av
(74)

since the autocorrelation function Gm(r) is defined as

= -6
Gy (1) = <¥, ()Y, (t+T)r o> . (75)

The spectral density function Jm(w) of Y2 mr—3, which is
’

a measure of the spectral power available at angular fre-

quency w from the fluctuating interaction, is also de-

fined as

_ o0 s _ +o
Iplw) = J_ G (t)exp(-iwt)dt = 2/__ G (t)cos(wt)dr. (76)

It may be noted that J is the Fourier transform of G.

The transition probability may then be written as
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_ 2

It can be seen from the form of the operators that a
given term Am allows transitions of the type Wm only.
It can also be shown that Wm = w_m. Then evaluation of

integrals ¢i Am ¢j gives

2
wo = (1/20) K Jo(ws - wI)
2
WlI = (3/40) K Jl(wI)
2 (78)
wlS = (3/40) K Jl(ws)
_ 2
W2 = (3/10) K Jz(wI + ws).
Introducing Equations (78) into Equations (67) yields
NOE =1 +n =1+ s (6. (we + w.) - 31071 (79)
B n = Y1 2'% “1 o
and
1/1, = (1/20) k%, (80)
where Q = Jo(wS - wI) + 3J1(wI) + 6J2(wS + wI).

A. Theory for several important cases

(1) Isotropic reorientation

If the molecular motion can be described by means

of a single rotational correlation time t_, (i.e., re-

R
orientation is isotropic), then Gm(TR), the spectral

density function, becomes

_ 2 2 -1 -6
Jm(w) = 2TR(1 + w TR) r , (81)
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where r is the distance between I and S. Introducing

Equation (8l1) into Equations (79) and (80) yields

Y 6T T
I 1+(ws+mI) TR 1+(ws-wI) TR
2 -6
and l/Tl = (1/10) K" r "X, (83)
where
_ TR . 3TR . 6TR
X 1+(w.- )2 ‘ 1+ < 2 1+ (wat+ )2 2
wgwy) Tg wiTg wgtwy TR

It should be noted that even though Tl is strongly de-
pendent on the I-S distance, the NOE is not a function
of r, so that even for non-protonated carbons the NOE
effect may be predicted by Equation (82). 1In the
extreme narrowing limit, i.e., (ws + mI)zri << 1, all
the J values in the above spectral densities are in-
dependent of the radiofrequencies under consideration and
can be replaced by a single constant JD' where the sub-
script D indicates that only the dipolar interaction is
important. In this case, the ratio of the transition

= 2:3:3:12 and the

probabilities is, wo:w W

11°%15:W2
nuclear Overhauser effect is
Ys
'ﬂmax = 2.Y ’ (84)
I
which is independent of the actual value of J.. For the

D
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13 : - =
C - {H} experiments, YH/YC = 3.976 so Ne—{H} = 1.988

and NOE = 2.988. When other relaxation mechanisms con-

13C the observed NOE value

tribute to the relaxation of
is decreased, since only the dipolar mechanism con-
tributes to W2 and Wo while other mechanisms will con-
tribute only to wl. The effect of these other mechanisms

can be illustrated by separating W, into a dipolar com-

1
expressing the effect of all other

*

1C
mechanisms. Thus, for a two-spin system

ponent and a term W

2
os) - p ) (85)
n = .
I-{s} 2y 2 *
I K JD + 4WlI
*
Equation (85) shows that when K2JD 2 W1I the enhancement

depends on the contribution of these other relaxation

mechanisms relative to the dipolar term.

13

(2) C-{all H} double resonance

An important case is that of more than two spins,
where the resonance of one type of nucleus is observed

while those of all other types of nuclei in the sample are

saturated, e.qg., 13C-{all H}. This technique is very

13

important in C NMR because of (a) the common occurrence

of CH3 and CH2 groups, and (b) the desirability of
eliminating all indirect 13C - lH spin-spin couplings by
irradiation of the entire proton spectrum for the mole-

cule,
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Consider a spin system consisting of a spin I of
one species and n spins or another species, S(i)
(L=1,2,3,...,n), where all spins are supposed to have
a quantum number 1/2. It has been shown that <Iz> will
not depend on which S spin is considered so we assume
that the final expression for the multi-spin system
differs from that for a single S spin merely by being
a summation over independent contributions from each

S spin:

*

Yg n
T J.. + 4 W, ), (86)
i

Nr-{al1 s} ~ 2y, Di 1T

where I is the summation over all S nuclei being

i
saturated. No distinction has been made in the above
derivation between intramolecular and intermolecular

dipole-dipole interactions. Clearly if dipole-dipole

13

interaction in the ““Cc-{all H} case is dominant, i.e.,

%*
4Wlc << KZZ Ipir then Equation (86) reduces to Equa-
i
tion (84). 1In such cases the number of protons involved

is irrelevant. Thus, if dipole-dipole relaxation be-
tween directly bonded carbon and hydrogen atoms provides

the dominant mechanism, the same NOE value (i.e., 2.988)

13

will be seen for all C nuclei of CH, CH, or CH3 groups.

2
However, if contributions from other relaxatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>