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ABSTRACT

This thesis concerns the development and application of two
dimensional multiple quantum NMR to the study of molecules in liquid
and liquid crystal media. New methods have been devised for obtaining
information about previously intractable chemical systems. In
addition, a high speed parallel interface for data transmission
betwe:i. a mini- and main-frame computer is described, as well as a
two-dimensional programming facility for data processing and plotting.

Chapter 1 discusses the quantum mechanical formalism used for
describing the interaction between magnetic dipoles that dictates the
appearance of a spectrum. The NMR characteristics of liquids and
liquid crystals are stressed. Chapter 2 reviews the theory of
multiple quantum and two dimensional NMR, as it applies to the present
study. Properties of typical spectra and phase cycling procedures are
discussed.

Chapter 3 describes a specific application of heteronuclear
double quantum coherence to the removal of inhomogeneous broadening in
liquids. Pulse sequences have been devised which cancel out any
contribution from this inhomogeneity to the final spectrum. An
interpretation of various pulse sequences for the case of 3¢ and lH
is given, together with methods of spectral editing by removal or
retention of the homo- or heteronuclear J coupling. The technique is
applied to a demonstration of high resolution in both frequency and
spatial dimensions with a surface coil.

In Chapter 4, multiple quantum filtered 2-D spectroscopy is

demonstrated as an effective means of studying randomly deuterated



molecules cissolved in a nematic liquid crystal. Magnitudes of dipole
coupling constants have been determined for benzene and hexane, and
their signs and assignments found from high order multiple gquantum
spectra. For the first time, a realistic impression of the
conformation of hexane can be estimated from these results.

Chapter 5 is a technical description of the MDB DCHIB-DR11W
parallel interface which has been set up to transfer data between the
Data General Nova 820 minicomputer, interfaced to the 360 MHz
spectrometer, and the Vax 11/730. It covers operation of the boards,
physical specifications and installation, and programs for testing and

running the interface.
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CHAPTER 1
Introduction

Much of the development of modern day NMR is directed towards
finding ways to reduce the complexity of NMR spectra frem interesting
but complex spin systems, and increase the information available about
their structure and chemical composition. This work will focus on
certain azspects of simplification or manipulation of NMR spectra of
liquids and liquid crystal samples, mainly by the application of
multiple quantum coherence1 %)

The interactions which determine the appearance of the NMR

spectrum are dictated by the Hamiltonian:

KNMR = Hext + Hint' 1.

where #,, . is the external Hamiltonian involving the interaction of
the nuclear spins with the external magnetic field(s), and ¥; . is the
internal Hamiltonian describing the interaction between pairs of spins

or between spins and their electronic environment.

Hext - HZ + Hrf (1.2a)

ﬂint - ﬂcs + ﬂJ + ﬂD + HQ (1.2b)

These terms will be described in sufficient detail below. At the

moment we jusiL indicate that each of these Iinteractions takes the form

i - X.

u»

1 (1.3)

1 is cthe vector operator (I, I,) of the nucleus being considered, X

Iy,

can be, depending on the type of interaction, a vector operator or a



magnetic field vector. A is a symmetric second rank Gartesian tensor
describing the physical interaction between I and X. Hext arises
from the fact that we perturb the system in order to measure it, but
it is the coméonencS of ¥; . that are interesting for structural
information. A spectrum of a solid material with spin I > 1/2 will
contain all of the above terms of #; + and may be complex. On the
other hand, in a liquid, #; and KQ are averaged to zero by natural
rapid molecular tumbling. Hence, liquid state spectra usually appear
' extremely simple and provide a well established technique for chemical
identification. A lot of NMR development is directed towards coherent
averaging of the tensor 4 in Cartesian space, or of the vector
product I x X in spin space, in order to obtain high resolution solid
state spectra.

fach of the interactions in the Hamiltonian will be briefly

considered in turn, with particular emphasis placed on the partiaf

averaging of these interactions in a liquid crystal environment.
The Extermal Hamiltonian

1.1 THBE ZEEMAN HAMILTONIAN

The Zeeman Hamiltonian describes the direct coupling of nuclear
magnetic dipoles with an externally applied static magnetic field. It

has the form

(1.4)

Y
i

TS

L

ﬁo is the static field along =z, (O.O,HO), and Z is the coupling matrix

between 1 and H:



Z = -1 100
= 010
001

I is the gyromagnetic ratio. Expansiop of equation (1.4) yields

B, = -y  Hy T, (1.5)

ﬁz is usually the largest interaction in the nuclear spin Hamiltonian,
and defines the separation of nuclear energy levels in a magnetic

field, and the frequency of precession of the nucleus about the

applied field:

AE = yAH; = fw, = hvo. (1.6)

v, Ls the characteristic Larmor frequency in Hz. w, is the
corresponrding value in radians/sec. While spectral parameters such as
line positions, line widths and splittings are usually expressed in
Hz, it is often convenient to use w as an expression for frequency in
the Hamiltonian. Often, it appears as "wt", an angl: in radians,
which is more concise than "2mvt". Ali of the Hamiltonians given here
will be given in units of radians/sec.

For a spectrometer operating at 360 MHz, the proton energy level
splitting results in a Boltzmann population distribution of

pl/p2 = exp (AE/KT) . (1.7)
~ 1.000058 at 25°C,

where P is the ground and P2 the excited state. This very smail
difference implies that spins experience a very small magnetization in
an applied field, and that the biggest inherent difficulty in NMR is

low sensitivity. The problem is greater for lower vy nuclei such as

130 or 15N. Detection of these nuclei suffers from the additional



fact that they occur with very low natural abundance. In these cases,
we often make use of the abundant protons in the surroundings to
transfer polarization to the dilute spins in order to improve their
sensitivity.

In the case where the externally applied static field is
inhomogeneous, H, in equation (1.5) must be replaced by H, + AH,(T); T
is a position vector. The line position w now becomes w, + Awy(I),
where Awy(T) = v AH,(T), so that the spectrum is broadened. This may
be caused by field inhomogeneity or by local susceptibility

inhomogeneity effects within the sample. It will be one of the

subjects of discussion in Chapter 3.

1.2 THE RADIOFREQUENCY HAMILTONIAN, #_ .

Radiofrequency pulses are used to Iinduce transitions between
energy levels. The interaction between the radiofrequency field and

spin I is glven by:

g = 821

;51 is the field applied by rf irradiation in the x,y plane. Along x,

this equation reduces to:

# .- - 22 2H.  cos wt

1x

- 2w1 cos wt, (1.8)

rf

w is the frequency of the applied rf (in radians) and 2Hy, is its
intensity. If w = w,, the pulse is on resonance. The presence of an
oscillating applied field has the effect of making the Hamiltonian
time-dependent, and the result of a sequence of pulses difficult to

calculate. The problem is overcome by applying a coordinate



transformation into a frame rotating at frequency . This is
equivalent to the observer sitting always on an axis in the x,y plane
which is moving at exactly the same rate as the radiofrequency field.
This is in fact how a spectrometer works, by comparing the incoming
signal to the local oscillator signal that is sent out to the probe.
and examining the difference between them. The large Larmor frequency
component is subtracted away leaving smaller frequency modulations due
to internal interactions that can be accurately measured. The
rotating frame transformation is mathematically effected'by rotation

matrix U = exp (ithz). By using a time dependent wavefunction,

[$(0)> = exp (fotl ) |¥,>,

a time independent Hamiltonian can be written in the Schroedinger

representacion(s-

R
= c(w, - w) I, -ow I (1.9)

fw is the resonance offset of the radiofrequency from wg:

R

Hoffset = he Iz

In the rotating frame, transverse magnetization appears to oscillo:

at Aw, not at w,. Terms oscillating irn -2w have been dropped in this
calculation under the presumption that they are oscillating twice as
fast in the opposite direction as the rotating frame, and effectively
average out to zero(3). This is the high field approximation. It

will manifest itself Iin that all non-secular (time dependent relative
to the rotating frame) terms of the internal Hamiltonian will vanish,

provided that thelr oscillation is rapid relative to the rotating



frame. Non-secular terms are those which do not commute with I :

[ Iz’ﬁnonsec] = 0, (1.10)

i.e. they are sensitive to rotation about z. Note that a non-secular
term may survive if it is not cscillating very rapidly compared to w.
The rotating frame, or interaction representation, is used throughout

this thesis and the superscript R is dropped.
The Intermal Hamiltonian

The terms in the internal Hamitonian which are time independent
in the rotating frame contribute, to first order, to the appearance of

an NMR spectrum.

1.3 CHEMICAL SHIFT

Nuclei in an atom or molecule do not experience the applied
static external magnetic field exactly. They are shielded by
surrounding electrons, whose motion modifies the effective field. The
extent of shielding depends on the relative orientation of the
electron cloud with respect to the magnetic field. The chemical shift
interaction is therefore an interaction between the magnetic field and

the nuclear spin via a Cartesian shielding tensor:

B = -y H,.S.I (1.11)

cs ~0"

8 is the chemical shielding tensor. Because of the quantization

along the z-axis, the chemical shift Hamiltonian simplifies to
Fes = TGS, 1,

- oI (1.12)



a is related to the chemical shift tensor in the molecular principal

zz
axis system (PAS) by(s):

MOL
4 = cos Oa aaﬂ cos ﬁﬂ (1.13)

zz
a,p

where #  is the angle between the a axis of the molecular frame and

the laboratory z axis. By addition and subtraction of the trace of o

to equation (1.13),

911 F 995 * 933
0 m et =
zzZ 3

s (3cos€ac050£4; 6aﬁ) .
a.p 2 af

(1.14)

win

where subscripts 1,2,3 are henceforth used to represent molecular
axes, and the superscript MOL is dropped. a,f are summed over all

molecular axes. Hence

2
o =g, +% T S _o (1.15)
F-£4 iso 3 a,B af “af
3cosd cosd, - §
- o B af
where Saﬂ 3 {1.16)

The transformation matrix S Is termed the order matrix in liquid
crystals; it defines the orientation between the molecular PAS and t%e
director. The director specifies the overall axial direction of a
nematic liquild crystal in space. Because of orientational

fluctuation, the order matrix is an average quantity over time:

3c050ucosoﬁ - 5aﬁ
Saﬂ - < 3 >c (1.17)

In the case where the director points along the magnetic field

direction, the transformation (1.15) in a liquid crystal gives the



final component along z. If the director makes an angle a with the
magnetic field, an additional scaling of o,, by (3c052a-1)/2 is

required.

Aside on tensors in general

Every tensor measured in NMR can be written as equation (1.15) for

o. In general, for tensor A, the measured quantity

Saﬂ Aaﬂ = Aiso * Aaniso : (1.18)

This equation can be expanded, using the fact that the Tr(S) = 0, into

the form(7):
A=A+ 315 (A - (A HA,,)) + (S-S, (Al -4, )
zz iso = 3 33733 0 21122 2 711 T227 711 22
+ 2 512A12 + 2 Sl3A13 + 2 523A23 ] (1.19)

Symmetric properties of the motion will cause certain terms to vanish.
For example, in isotropic solution, Sag = 0 for all a,B, i.e. the
anisotropi~ component vanishes altogether. Molecular symmetry plays
an lmportant part in determining the number of non zero order
parameters in anisotropic media; this is discussed in section 1.9.

The orientational coefficients can be expressed in terms of the
Wigner rotation matrices. Tables 1.I and 1.II are derived in Appendix

A and define the Saﬂ and the required Wigner matrix elements.

In the PAS of o:

2 1 1
%22 " %iso ¥ 3 [ S33(033 - 20034900 # 5(511'522)(”11'022)]
(1.20)




Table 1.1

Representation of S-matrix elements in terms of Wigner Rotation Matrix

elements

1/2
3 2 2 2
S, - {5] [y o>+ <Dy g>1 - <Dy o>/
172
S1y - l{g] [ <Dy o> - <D, o> ]
12
3 2
513--[5] [<D‘,o’+<D 1'0>]
s --31/2(<D >4, 257 - <, 252
22 g 2,0 2,0 0,0
s i) 2s o 2,
23~ Mg [<Pyo>- <Py



Table 1.1I

Explicit Expressions for Relevant Wigner Rotation Matrix elements

2 1/2 <

2 3cos -1 3 . -ia

<DC,0 > = 5 <D1,O> - -&ﬂ sinf cosf e
1/2 1/2 .

2 3 . 2 -2ia 2 3 . ia

<D2,O > = [5] sin"f e <D-1,O> - -Eﬂ sinf cosf e
1/2 ; :

2 3 . 2 2ia

<D-2,O > = [E] sin 8 e

Table 1.II1I

Components of Second Rank Spherical Tensors In terms of the Cartesian

Tensors

zz
1 :

T2,i1_ ¥ 2 (sz + sz * l(Tyz + sz))
1

TZ.iZ ) (Txx B Tyy z i(Txy + Tyx))

10
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Using & = A3q - Ajq., the anisotropy of A, n =~ (All - Azz)/B, the

asymreetry parameter, and Tables 1.I and 1.II, equation (1.20) becomes

2 - .2
%2 ™ %ico + § <(3cos™8-1)/2> + 1/2 n§ <sin fcos 24> (1.2

9,4 are the polar and azimuthal angles respectively. They are defined
in figure 1.1. The angular brackets imply a time average over

molecular motion.

1.4 SCALAR COUPLING

#;y is the indirect coupling of two nuclei mediated by the

surrounding electrons. The homonuclear form of this equation is

., = & I,.J...1, (1.22)
J i<j 1°7ij° 7]

which can be expanded and truncated in accordance with the high fizld

approximation:

#yo= iij Jijeelailey * }/Z(Jijxx+Jijyy)(Ixilxj+1yi1yj) (1.23)

J are the components of J in the space fixed

ijxxr Jijyyr Jijzz

coordinate system. Using equation (1.18) for the definition of Jijzz

and
Ji;SO - Jij - % Tr(J), gives
# -iEj SRR J§?15°(Izi-zj- : (Tl L) (120
-iijJiinIJ + J??is° (Il - z (TT #1100 (1.29)

In oriented samples, Jijanlso’ the anisotropy of the electron spin-

spin coupled interaction, can be neglected for proton - proton
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Figure 1.1

Relative orientation of the molecular PAS (1,2,3) and laboratory

(X,y,2z) axes.
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interactions, since it is very small, leaving

. =%J,,1.1, (1.26)

J i<j ij71i 3

i PR ; ; s 1
Jijanlso can have a significant contribution in the case of 3¢-

19F—lgF and some lH-lgF couplings(s). As will be seen below, the spin

13C,

sperator part of the anisotropic J coupling term has exactly the same
form as the dipole coupling Hamiltonian, and it is often termed the
pseudodipolar coupling.

For a first order spectrum, where J << Av, the chemical shifc

difference, the Hamiltonian can be truncated to

# =z J,.I_.I . (1.27)
J i<j ij7zivzj

1.4.1 J-coupled AB systems

In a first order spectrum, each proton A, coupled to k identical
protons B, has a well resolved resonance which is a multiplet of k+l
lines split by JAB' In a strongly coupled system, JAB > AVAB' the
coupling pattern becomes more complicated. Figure 1.2 shows the AB
coupling pattern for various values of Av = v,-vg and J. For J/Av =
1/8, the spectrum is almost first order. Note that as Av -+ 0, the
splitting disappears; i.e. equivalent protons show no J-coupling in an
NMR spectrum., Figure 1.3 shows the energy level diagram for an AB
spin system. The four transitions are marked together with their
energles and intensities. For the scalar J coupling, they are
calculated assuming that Janiso = 0. In a liquid, the intensities of
transitions 1 and 2, the outer lines in the AR spectrum, tend to zero

as v > 0, and § - x/4. At this point, ¢| = ¢5 = 1//2, so state III
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Figure 1.2

Energy levels, transition frequencies and intensities of a two

spin system.
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Appearance of a J-coupled AB spin system as a function of J/av

The transitions are labelled in figure 1.2.
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becomes a pure antisymmetrie state (laﬂ)-lﬂa>)//2 to which the
symmetric states I,II and IV do not couple. At the same time,
transitions 3 and 4 have the same frequency, v = (uA + uB)/2.

In a strongly coupled AB spin system, a m pulse at the centre of
the evolution, in an attempt to echo chemical shifts for example,
results in additional lines in the spectrum, because [Iz,ﬂj] = O, Six
lines can been seen in these spectra as shown in figure 1.4; they are
linear combinations of the transitions in figure 1.3. This occurs
because of the mixing of states 2 and 3 by a = pulse(a). Therefore
coherence 1 will be mixed into coherences 2 and 4. The result is 3

pairs of lines with frequencies and intensities

Frequency Intensity Transition
+ 1/2(J-C) (1+sin20)sin24 *(4-3)

+ 1723 2cos?26 £(2-3),(4-1)
* 1/2(J+C) -(1l-sin28)sin29, +(2-1)

where C = JJ2+AU? sin 28 = J/C, cos 26 = Ay/C(Q).

1.4.2 The heteronuclear scalar coupling

The heteronuclear form of the scalar coupling Hamiltonian of an

1.5 spin system truncates to:

HJ - f JiSIzisz . (1.28)
The flip-flop terms do not conserve energy. The energy change
involved is much larger than the flip-flop in the homonuclear case; it
joins states differing by h(uol-vos) in energy which amounts to a

negligible second order perturbation on the energy levels, and can be

ignored.



17

2-3
4-1
J/Av
— _— J
. A - JL J’L A —~— 1/8
\\\ l{/
\“ L //
YU U U e
T \\ 1 Ir I
\\ ,,
A //
j ’
L 4 .
\ | ’ 1/2
S \ ) }*
7
i
H
1
I' 1
'
TR
| 1
) f
' '
1 I
] ]
,'L ]
1
—~—— i 2
[
\ ¥
. 1
[
1 ]
U
A - ! 4
8
| a— . T 1
-500 0 500
Frequency (H2)
XBL 8610-11724
Figure 1.6

Effect of a x pulse in the centre of the evolution periocd of a J-

coupled AB spin system, as a function of J/Av.
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1.5 DIPOLAR COUPLING
HD is the through space direct magnetic dipole interaction

between pairs of nuclei. 1In the homonuclear case,

# =% I..D...I. (1.29)
D i<j ~i'=ij ~j

The tensor Qij has elements

2 2 3
Dijaﬂ = -hy”/4=x rij (3cos€ijacosﬂijﬂ - 6aﬂ) (1.30)

in Hz, where a,8 are varied over tle molecular axes 1,2,3; 4.. 1is the

1la

angle that bond ij makes with molecular axis a and Tij is the distance
between atoms 1 and j. Dij is symmetric and traceless - i.e. there is
no residual dipole coupling in isotropic sclution.

¥ can be expanded in the high field approximation to:

Hy= T D (T 0 I/A(LT 4T (T, 0)
1<j
- ii;(l/Z) Dyjaz BlLyilyiTr-1p) (1.31)

The component of Dij

Dij in the molecular frame as in equation (1.19):

along the laboratory z axis, Dijzz' is related to

2
Diyzz = S33Pija3 + 3 [M/2(511.555)(Dy5117D5559)

+ 28.,0 + 25..D + 2323D

12°1512 13%1513 (1.3

1323 !

Using equation (1.30) and cos 9113 - zij/rij; cos oijl - xij/rij; cos

0ijz - yij/rij' where Xiy> ¥1j» 2ij are the components of bond ij

,2,3 and rij2 - %24 yijz + zijz’ gives

along the molecular axes 1l ij
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Appearance of a dipole coupled AB spin system as a function of

D/Av. The transitions are labelled in figure 1.2.
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2 2 2
5 - S33(235 ~L/2(x;5 4y54 0) (53375500 (%44 ;5 )

ijzz 5 2 r 5

ij ij
Kl i x..zi. l'zi

+ 2512——1——1 + 2513—-1—31 + 2523—~l—§l ] (1.33)

r r.. r,
ij ij ij

K = hy%/4n? = 120.067 KHz for lH.
This equation is useful for the calculatior of dipole coupling
constants from molecular structure(10) It is clear that the dipole
coupling constants are very sensitive to both molecular geometry and

to the order parameter in a liquid crystal.

1.5.1 D-coupled AB systems

Figure 1,5 shows the behaviour of the AB coupling pattern for a
pair of nuclei A and B in an anisotropic enviromment for various
ratios of D and the chemical shift difference Ar. For D/Av = 1/8, an
approximately first order spectrum is obtained. This is an atypical
spectrum, since usually D >> Av. At D/Av = 8, the spectrum is
converging to its strong coupling limit in which the line splitting is
given by 3/2 D = D + C. 1In the case of dipolar coupling, angle 4 as
defined in figure 1.2 is negative, implying that state II becomes the
antisvmmetric state when Av = 0, and that transitions 3 and 4 have
zero intensity.

As with J coupling, the presence of a # pulse in the centre of
the evolution period causes the appearance of extra lines in the
intermediate region of the AB spin system. Figure 1.6 shows this
effect.

Three pairs of lines are produced at the frequencies and intensities:
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Frequency Intensity Transition

+ 1/2(D-C) (1+sin24)sin2¢ +(4-3)
+1/2D 2cos226 +(2-3), (4-1)
+ 1/2(D+C) -(1l-sin26)sin2¢ (2-1}

where C = JAu2+D2/4, sin 26 - -D/2C, cos 27 = Av/C. The line
positions and intensities differ from the case of J coupling because

of the different definitions of # and C.
Figure 1.3 defines § and C for the general case where both J and D
occur. The spectral characteristics are typically described by

figures 1 5 and 1.6, since usually DIl >> llJll.

1.6 QUADRUPOLE COUPLING

HQ arises from the electrostatic interaction between the electron
charge distribution and the nuclear charge distribution. It is non-
zero only for nuclei with I > 1 which are non-spherical. It is

described by:

eQ
# =t L (1.34)

1

which, when truncated in high field, yields

eQ 2
”Q " wIoLD VZZ(BIz -I(I+1)) (1.35)

The quadrupole coupling can in many instances in the solid state be
larger than the Zeeman interaction, making the high field
approximation invalid. This is not the case in liquid crystals, in
general, because of the order parameter scaling effect on the
quadrupole coupling, and equation (1.35) can be considered to be

valid. From equation (1.19) applied to the traceless nuclear
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quadrupole tensor V in its PAS, and using eq = V33, 7 = (V11-V)5)/V33,

and the quantities in Table 1.I and 1.II, we get

sz = eq <(3c0520vl)/2> + 1/2 eqn<sin20c052¢> (1.36)
Thus 2
How =299 (3c0s2-1> + n<sinZfcos2é>] (3T, 2-I1(I+1))  (L.37)

Q ~ BRI(2I-1)

For deuterium, spin I-1,

2
Ky = g FIZ -2/3)

where

4q = 3/8 (e2qQ/#) (<3cosif-1> + p<sinZfcos2e>) (1.38)

The quadrupole energies of the m = -1,0,1 levels, where the Zeeman
interaction dominates, are -w°+wQ/3, -ZwQ/3, and w°+wQ/3 respectively,

resulting in a pair of lines centred around w, and split by ZwQ.

1.7 THE DENSITY MATRIX, p

Density matrix formalism is very useful for following the
evolution of a spin system under a set of pulses and delays. It will

be introduced here as a tool for subsequent chapters.

1.7.1 Definition of the density matrix

The density operator is used to describe an ensemble of spins
which cannot be represented by a single wavefunction. A wave function
|¥> can be expanded in the complete set of orthonormal basis functions

|n> which define the (ZI+1)N energy levels of an N spin system:
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c |n>
n

lv> = =
n
2 <nly> >

n

The expectation value of an operator A is given by:

<> = <plajy>

-STcec <mlaln> (1.39a)
nm
nm
- I I <nfy<piwa (1.39b)
nm

The basis set |n> and the matrix elements Ay, are constant and
independent of %. An ensemble of spins coupled to a bath (i.e. at
thermal equilibrium) have a Boltzmann energy distribution. It is
impossible to describe the st;te of all the spins by a single
wavefunction. Attempting to do so contradicts the random phase
assumption which leads to 0 transverse coherence. As an exercise, let

|#> = a]+> + b|->
a = A exp(la); b = B exp(if).

Then, looking at the expectation value of I, we get
<¢11x|¢> = AB cos(a-8) (1.40)

To get zero transverse magnetization, we require random phase, and

must ensemble average over :

<w|Ix[¢> = AB cos(a-8) = 0. (1.41)
Equation (1.39) then yields

&> - B = <a|P<plm> A

nm
T o A - | Tx ()] (1.42)

nm
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where |w><w| is the density operator,-p. A knowledge of p suffices

to determine the expectatlon value.

1.7.2 Properties of the density matrix

1) Tr(p) =1
: AP *
2) p is Hermitian; pij - pji
3) The diagonal elements of p represent ensemble averaged populations

of the states of the spin system:

Pig = <i]g<yp|i> = cicl -

3z
c; (1.43)

Pii satisfies a Boltzmann distribution:

Py = exp(-E,/kT) / Z,

where Z is the partition function X exp(-Ej /kT) = (21+1)N.
In operator form the density matrix of an unperturbed spin system

is given by

1 1
Peq- 7 exp(-H#/kT) - 3 (1 - BT * L)

In NMR, the magnitude of the spin system energy, ll#ll << T, so thac
this series may be truncated after the second term. 1In the high

field approximation, where the Larmor frequency dominates,
p = @)Y (L + yH,I_/KT) (1.44)
eq 07z ’

The constant term is ignored in calculations of time evolution. We

write
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-N
Poq FL, vhere B = (2T+1) " H /KT (1.45)

4) The off-diagonal elements of p describe coherences between states.

pij - <i|¢><¢|j> - clcjcos(ai-aj) (1.46)

There is no phase coherence at initial equilibrium, and these
elements are zero. They are created by the application of one or
more radiofrequency pulses. These terms have order, AM = my -my and

are displaced AM positions from the main diagonal.

5) The time dependence of p is given by the Liouville equation:

d
o - ileH

which can be integrated if # is time-independent for interval t to

give

p(t) - o 1HE, LHE (1.47)

Equation’(1.47) can be expanded using the general operator

equation(ll):

e ® Be? =B - [AB] + %! (A,14,B]] - 3, [A,[4,(A.B]]] +... (1.48)

6) A nucleus with spin I has 2I+l eigenstates, and for N interacting
spins, there are (ZI+1)N eigenstates and a density matrix of

square size

,(2141)

n=1

is required to describe its evolution.



Equations (1.45), (1.47), (1.49) and (1.42)) are sufficient to
completely determine the NMR spectrum of any spin system under the

influence of a set of pulses and delays. See Section 2.1 for an

example.

1.8 THE ANGULAR MOMENTUM OPERATORS

I is the angular momentum vector <perator (Ix,Iy,Iz), where
I‘{,Iy,Iz are the Pauli spin matrices.(lz) Important relations that

hold are:

iy = 11+ |9
Iz|¢> - ml¢>; Flsms<1
[Ip.Iq] - il " p,q,r = X,y,z or a cyclic
permutation
In the special case of I = 1/2, we have in addition,
Ip2 - l/h;‘ P =X,y,2
0

(I, =

1.8.1 Rotations

27

The following conventions(13:14) yi11 be adopted throughout this

thesis., A right handed coordinate system is used (figure 1.1). The
direction of rotation is given by the right hand rule with the thumb

pointing away from the origin along the appropriate axis. Rotations

are counter-clockwise. Thus a (n/2), pulse brings z-magnetization to

the -y axis. 1In general,
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-i¢1 id1
e P I e P I cosf + I_ sind
q q r
-ig1 161

P I_e P _ I cost - I sing
r r q

(1.49)

P,q9,r = X,¥Y,2 or a cyclic permutation.

1.9 COMMENTS ON THE ORDER PARAMETER

The order parameter was introduced in equations (15-19) as a
transformation matrix from the molecular frame to the laboratory
frame. The dominant element in equatiom (1.19) is S34, often called
S,,- 83q is typically =~ 0.2 in a nematic liquid crystal. $11-S99

(often seen as S ) describes the extent of anisotropic metion

xx'syy
perpendicular to the z-axis; in a cigar shaped molecule, S11-Sg- = 0;
in a flat molecule, 511-522 = 0,

In any arbitrary frame, S can have up to five independent non-
zero elements, due to the fact that it is a symmetric traceless tensor
(eqn (1.19)). S can always be diagonalized so that it has only two
non-zero elements. The required transformation to the PAS of S may be
determined a priori from the symmetry group of the molecule, provided
that the symmetry is high enough(ls). Some examples will be given
below.

Suppose the molecule has a Gy axis. The effect of a rotation of

2r/k around 3 on a Wigner matrix element is(16).

<Dm'ﬁ> - <Dm,ﬁ> exp (-im 2n/k)

The requirement that a symmetry operation effect no change implies
that m can be 0, *k, #2k, ... only. For example, for a two-fold axis,

we see from Table 1.I that 8,9 and 513 disappear, leaving 3 order
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parameters. Physically, this means that the axis C, is identified as
the S;, axis, and that axis 3 is orthogonal to the remaining (as vet
unidentified) ares, so that S13 and 8,4 become zero. For a three or
more fold axis, m can be zero only, i.e. only <D0%> remains, so the
motion is defined by one order parameter, 844 along C3. The molecule
is axially symmetric.

A vertical mirror plane, g9y, Causes

@ boo L,
m,n

-m,n

Thus, gy3 causes 512 - 523 = 0, leaving three unique order parameters.,

A horizontal mirror plane, 0y, causes
o i mgp L
m,n m, o

implying that m = 0,2, i.e. S)3 = S99 = 0.

S is a motional parameter. It determines the extent of molecular
motion along three molecular axes with respect to the director. The
PAS of this motion is often taken to be aligned with the inertia
tensor of the molecule in cases where interpretation by symmetry
arguments is not clear. We shall estimate the deviation of the S-

matrix PAS from the inertia tensor PAS in Chapter 4.
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CHAPTER 2

Two Dimensional and Multiple Quantum NMR

In this chapter, some of the basics of two-dimensional and
multiple quantum NMR are introduced. These subjects have been
reviewed in considerable detail in the literature(1l-%:8,17-21)
Emphasis is placed here on those aspects which are of use in
subsequent chapters.

In Section 2.1, the single quantum FID is reviewed. Two-
dimensional (2-D) NMR is introduced in Section 2.2. In Section 2.3,
coherence transfer, the essence of the two dimensional experiment, is
discussed. In Section 2.4, three different two-dimensional sequences
are introduced, for homonuclear single quantum, homonuclear multiple
quantum (MQT) and heteronuclear MQT correlation experiments. Phase
cycling is introduced in Section 2.5 as a means of overcoming some of
the shortcomings of the basic experiments. Phese cycling provides
solutions to non-quadrature signals, pulse errors, mixed phase
signals, separation of multiple quantum orders and generation of

multiple quantum filters.

2.1 THE SINGLE PULSE, SINGLE QUANTUM EXPERIMENT

The basic Fourier Transform NMR experiment begins with the

application of a n/2 pulse to the equilibrium spin system.

Peq = ﬁlz (2.1)
vAaH
where B = Tz (eqn 1.45)
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Application of a (1r/2)y pulse gives, according to equation (1.49)

p(0) = pI_ (2.2)

The evolution of this operator is followed using the integrated

Liouville equation (1.47):

o(t) = 8 e-i}tc Ix ei}tt

According to equation (1.42), the signal detected during time t is

S(t) = ¢ Tr (p(t)I,)

for a spectrometer operating in quadrature. Expanding in the

eigenbasis of #:

s(c) - e T <t o1t BT L1Ht I|i>

1

. e-iEit/h eiEJ.t/h (IXJij (1+]
ij

.il2 (2.3)

the last step utilizing the fact that Tr (1,10 = 0. € is a factor
accounting for the signal amplitude, which depends on y of the
detected nucleus, but also on a number of experimental

considerations(8). Fourier transforming gives the signal

2
S(t) = ¢f £ T 6(w-w, ) I (2.4)
3 sy (1), |
with lines occurring at frequencies @y j and intensitics lI+l2ji' It

is apparent from equation 2.3 that only single quantum transitions can
be detected in a free induction decay. The operator I, connects

states differing by 1 in their Zeeman quantum number, i.e. m;-m. = |.
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Equation 2.3 also demonstrates that all lines are In phase after a
single pulse (no complex numbers in the intensity coefficient). The

magnetization is all aligned along I, at time t=0.

2.2 TRHE TWO-DIMENSIONAL EXPERIMENT

In 1973, Jeener(17) proposed the first two dimensional experiment.
The idea was based on correlation of the NMR response in two time
domains. An FID is observed in t, as a function of some prior time
interval tl..leading to a signal S(tl‘t2)' Double Fourier
cransformation leads to the 2-D spectrum S(wl'”2)'

The two great advantages of 2-D NMR are that (1) it replaces, by a
single experiment, a whole series of double resonance experiments for
the determination of internuclear couplings, and (2) it allows the
indirect detection of coherences which might not be observable in
single quantum spectroscopy(z’la).

Figure 2.1 shows a schematic pulse sequence for the 2-D
experiment. U is termed the preparation propagator, since it prepares
the density operator for its evolution during t;. V is a mixing
propagator; it mixes coherence back to single quantum magnetization
for detection in t,. The first experiment used U = V = n/2(17). Ic
became known as the COSY experiment(zz‘zs). Many variations of the 2-
D experiment have been developed for differemt U and V and by
manipulaction of the Hamiltonian during t; with pulses. Examples
include the heteronuclear COSY(27'32), MQT correlated spectroscopy<33'
48), 2-D NOE (NOESY) speccroscopy(ag'sz), J-resolved

speccrosc0py(27'53'56). Of this list, the interest for this thesis

lies in homonuclear and heteronuclear COSY and MQT correlation
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Figure 2.1

Schematic pulse sequence for the 2-D experiment, defining the

various stages of the evolution of the density matrix, p.



34

experiments. Heteronuclear single and MQT correlations are used in
Chapter 3; homonuclear single and MQT correlation experiments are used
in Chapter 4. Table 2.1 summarizes the U and V propagators used for

these experiments.

- 2.2.1 Evolution of the density matrix

The equilibrium density matrix is given by equation (2.1). The
result of propagator U(r), evolution during ty, and mixing V(r') gives

a density operator

-ift if. t
p(e,0) =V e Flum g vhn e Tvien s

The evolution during t, need not be explicitly determined. The phase
and intensity of all lines is determined by 2(t),0). The frequencies
in the detection period are known from ﬂé.

The signal at the beginning of detection is given by:

-iHlt

i% t
$(t,0) = ¢ Tr (V(r')e 1 U(f)ﬂIzUt(f)e L

Vf(r’) I+) (2.6)

Expanding in the basis of the Hamiltonian # gives:

"oy -
S(t;,0) = B f ? e wruh oL, (2.7
and at time ty:
-, t i%. ¢ -t
_ 131 t ) 2%
S(ty.t,) = €8 f ? e (u1,u )gjle Ie My @

writing P(r) - g u(n1ut(r),

Qr) = e vV,



Table 2.1

Preparation (U) and mixing (V) propagatcrs ’t.
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we have

-iwi.t1 -iwklt2

3 s
S(t,,t,) = TR T Xe e P..(7) Q..(+") (2.10)
172 ijkl 13 It

The Fourier transform with respect to ty and ty gives

S(wl,wz) - ? ? i f Pij(r) jS(f') 6(w1-wij) 5(w2-wk1) (2.11)

2.2.2 Propertlies of the 2-D correlated spectrum

(1) Peaks occur at frequencies (wij’wkl) in a 2-D map, where the

intensity Pij(r)jS(r‘) » 0, with the following properties:

i=k, j=1 : diagonal peak (D)

i- j : axial peak (A) in wy caused by T; relaxation
during t,

imkor j=1 : cross peak (G), which occurs when matrix

elements vlj and vki w 0.

D, A and C peaks are illustrated in Figure 2.2.

(2) An amplitude modulated spectrum ogcurs when the signal S(tl,O) is
an oscillating function of t;, but independent of its phase. The
sequences in Table 2.1 are all examples of amplitude modulated
spectra, No sign discrimination occurs in @y .

For a weakly coupled spin system, a pure phase* amplitude

modulated spectrum can be obtained. 1In a strongly coupled spin

* : : s :
Pure phase means that each line in the spectrum is either pure
absorption or pure dispersion. No mixing occurs within one line;

however, mixing within one spectrum can occur.
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Figure 2.2

(a) Low resolution amplitude modulated COSY spectrum, showing diagonal

(D), cross (C) and axial (A) peaks.

spectrum of half of (a), for a weakly coupled two spin system.

(b) High resolution phased

(c)

High resolution absolute value spectrum for a strongly coupled two

spin system,



38

system, mixed phase spectra usually result, because the read sequence

(V) does not act on isolated transitions.

(3) A phase modulated spectrum is one in which 3(t;,0) depends both on
the amplitude and on the phase of the signal as a function of ¢t;.

Such a spectrum shows frequency discrimination in w1, but gives mixed
phase signals(a).

Recently, methods have been developed(57) for obtaining pure phase

spectra with quadrature in w).

(4) Echoes (r - m - r -) prior to detection preclude any possibility
of obtaining phased spectra. Signal oscillating during 2r under the
Hamiltonian #; + Hy leaves different J and D components with different
phases(SG). Echoes are often used during COSY and MQT sequences on

liquid crystals to avold receiver saturation by liquid crystal signal.

(5) The following two experiments are examples of amplitude modulated
experiments on strongly coupled spin systems which produce pure
absorption mode signals.

Total Spin Coherence is the spin inversion transition between the

state with all spins up (M = N/2) and the state with all spins down (M
- -N/2). It corresponds to density macrix element PN/2, N2

_p-N/z'N/2(2.58-9). Since p is Hermitian, PNy, -Nyo MUST be purely
imaginary, hence they are of a single phase. Therefore, a multiple
quantum filcer of order aAM will produce pure absorption mode spectra

from molecules having AM protons. The MQT filter selects one phase of

the magnetization.



39
Time-reversal In equation (2.11), the intensity is given by a complex
number Pij(r)jS(r'). Pulse sequences exist for the generation of MQT
transitions(*1) in dipolar coupled systems which, for r = r’, set
jS(r) - Pi;(r), hence setting all lines of a MQT spectrum in pure

absorption mode.

2.3 THE COHERENCE TRANSFER STEP IN 2-D CORRELATION EXPERIMENTS

Coherence transfer between the two time domains of a 2-D
correlation experiment relies on the existence of coupling between the
coherent states in each domain. The coupling can be longitudinal or
coherent.

Longitudinal coupling occurs via relaxation processes, chemical
exchange or motion. Such processes affect the population levels in a
density operator a Iz' They are studied by 2-D NOE spectroscopy.

Coherent coupling is the scalar or dipolar coupling between pairs
of spins. It modulates the off-diagonal eleﬁents of the density
operator.

COSY, INADEQUATE, MQT, etc. spectroscopies study coherent coupling

effects.

The remainder of this thesis will be applied to coherence transfer
experiments involving coherent coupling., The appropriate Hamiltoniau

will contain a selection of terms

S I S I,1 I,I 1,8
cs Hoffsec’ Hoffset . K ¥ . K

The various terms are described in Chapter 1. Dipolar and scalar

homonuclear couplings are included, but only scalar heteronuclear
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coupling is studiea. The coupling Hamiltonlans are bilinear in the
spin operators. Their effect on the density matrix during a
precession period is to cause coherence transfer (60-61) by a rotation
known as a bilinear rotation(®2).

We will first study the bilinear rotation as applied to the

heteronuclear I S spin system. The same principles apply in

homonuclear correlation.

2.3,1 Bilinear rotation

2.3.1.1 A heteronuclear spin system, I S

The spin system I S consists of n identical spins I coupled to a
single spin S, the heteronucleus. The explicit Hamiltonian for an I8

spin system with scalar I-§S coupling is

I S
- - ? Aw, " - AWt 4+ JISIzSz (2.12)

where J;g is the heteronuclear coupling, eg. Jey 1s ~ 120-240 Hz. J11
= 0 under the condition of identical I spins (Section 1.4.1).

The simplest pulse sequence which effects coherence transfer
between I and S, and removes the Zeeman term from equation (2.12)(63)

(for efficlency), is

IS8
- -

- () (2.13)

[STR]
[N

1S is a m pulse applied to both I and S spins, the second 1S s

ineffective in an experiment, but makes this pulse sequence cyclic.

The corresponding propagator is

“i(r Hor)r  -idir
V(r) = e X X e
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I S
where xxH o=+ § Awi + Aw” + JISIzSz

Hence
! -iJ_ 1.8 r *
Vir) =e 522 (2.143

The assumption of weak coupling made in this calculation is accurate,
because of the large difference in precession frequency of the I and S

spins. The action of V(r) on an operator I_ or Sp, p = x,y,z, is a

P
rotation by angle (2nJISSzr) or (ZwJISIzr) respectively, e.g.

-1JISIZSZf ElJISIzszf

Ix - Ixcos(ZIJISSzr) + Iysln(ZwJISSzr)
(2.15)
-1J_.I S r iJ_ .1 S r
ISz z ISz z = .
e Sxe chos(ZwJISIzr) + Sysln(ZrJIsIzr)
(2.16)

etc. V(r) can be modified to the form

-iJ
e

I S r
Is'pq , P.,q = X,¥,2

by sandwiching it between appropriate pairs of 7/2 pulses, and can
therefore act as a general rotation about any designed axis. The
angle of the rotation can also be modified by changing r or for

different J values.

The simplification of the sine and cosine terms of equation (2.16)

requires knowledge of the number of equivalent I spins connected to

* Typically, units of Hz will be used in the exponent, as in equation
(2.14). The corresponding angle in radians is always represented in

sine and cosine functions.
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the S-spin. Expressions for the three most common cases IS, IZS and

I,S are derived in Appendix B and given below:

1S cos{2nJ Izr) - cos(wJISr) (2.17a)

IS

I 7) = ZIzsin(xJISr) (2.17b)

SlH(ZﬂJIS 2

1
IZS cos(2wJISIzr) -1 + (E +2121122)(cos(2w3157)-1) (2.18a)
sin(ZRJISIzr) - Izsin(ZwJISr) (2.18b)

3
1,8 cos(ZnJISIzr) - CcOos (nJISr) - &(Izllzz+ 121123 + 122123)

x sinz(wJ ) cos(nJ ) (2.19a)

is s’

2 .3
sin(2rJISIzr) - ZIzsin(wJISr) cos (wJISr) - 8Izllzzlz3sln (ﬂJIsr)
(2.1%b)

For equation (2.15), since there is only 1 § spin, the conditions

always hold:

IS cos(ZwJISSzr) - cos(wJISr) (2.20a)

sin(ZxJISSzr) - Zstin(wJIST) (2.20b)

Expanding for example, equation (2.15) using equation (2.20), shows

that the effect of the Jyg coupling on I, is to create a term in IySz:

-iJISIZSZr iJIsIzSz
e Ix e

T

- Ixcos(wJISr) + 2 Iy5251n(wJISr)

(2.21)

Transfer of coherence from Iy to IySz is the first step in the

generation of pure S, coherence, or heteronuclear MQT coherence.

A (n/Q)XI'S pulse leads to 1S which decays after a further time r to

y
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a term in Sx (among other terms), according to equations (2.15) and
(2.17)-(2.19). & (7:/2)},1'S leads to zero and double QT coherence,
Iny. Table 2.II shows the use of heteronuclear bilinear rotations in
the double quantum(sg’so), 1NEPT(64) and pEpT(63) sequences.

2.3.1.2 A homonuclear I spin system

Scalar coupling: ﬂjI'I replaces HJI'S in equation (2.12). In the
case of weak scalar I-I coupling, equation (2.14) is simply

-iJ

I. I, 7
V(r) = e 112722 (2.22)

For protons, JII << JCH' so that much leonger times 7 are needed for
effective coherence transfer between spins than in the heteronuclear
case. Equations such as (2.15) still hold. Since [HJij,Hij] =0,
equation (2.15) can be applied repeatedly for the case n > 2, and can

be expanded as in (2.17) - (2.19) for up to 4 weakly coupled spins.

Dipolar coupling: V(r) has a more complex form. For two spins:

-ib(1

+I 1 2)/2 )1
V() = e

z1tz2 © Tty yl'y (2.23)

where for the present purpose chemical shift is excluded. The
bilinear rotation by a dipolar operator can be much more easily

represented in the spherical tensor notation (Tables 1.II and 1.III):
(-2K) .. 2
By = /6 3 2,0 Dy, 0™
-iHDr iHDr .1
and e Tl,+1 e - Tl'ilcos(wnr) + JE Tz,ilsln(wbr)

from equation (1.48), where wp = (3/2)D is tne frequency of the dipole

transition between the two spins. This translates in Cartesian
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operators to the result:

-iﬂbr iﬂbr 1
e le e - lecos(wDr) + 3 (IlzI2y - I1y122)51n(wD1)
(2.24)

We see that in the case of strong coupling, the bilinear rotation is
not a pure rotation about one axis of a single spin. Also, for more
than two spins, the result is complex so that a computer is usually

consulted.

2.4 SOME EXPLICIT 2-D SEQUENCES

Three 2-D experiments will be considered as examples of

experiments which will be illustrated in Chapters 3 and 4.

2.4.1 The Homonuclear COSY experiment

m
u-3 Ve

TR

The spectrum of a weakly coupled two spin system, 12, will be
explicitly calculated here, to demonstrate important features of the

experiment.

2.4.1.1 A weakly coupled spin system

The evolution of the density matrix is followed(66) according to

the definitions in figure 2.1. A (1r/2)y pulse gives
p(0) = ﬂIx - ﬂ(1x1+ IxZ)

i.e. U creates transverse magnetization with order m = *1. Evolution

in ¢; is defined by the propagator
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e-thl _ e-i(-vllzl- u2122+ JIlezz)t1

i(v,I ;+v, I )t -iJI It
17z1 "272z2" "1 e z17z271 (2.25)

This separation is possible because the chemical shift and coupling

Hamiltonians commute in the limit of weak coupling. Thus:

p(tl) -5 { [le cos(Zwultl) + Iyl sin(2wvltl)

sin(2wv2tl)] cos(thl)

+ Ix2 co;(?zrztz) + Iy2
+ [ZIYII22 cos(Zwulcl) - 21x1122 SLn(2wu1tl)
+ 2Iley2 cos(ZwRZtl) - 2I21Ix2 51n(2wu2t1)] 51n(thl)}

(2.26)

Applying V = (7r/2)y gives

p(tI,O) - ,9{ [-1,) cos(mye)) + I, sin2m t))

+ -I cos(Zwvzcl) + I sin(2wu2tl)] cos(thl)

z2 y2

+ [ZIlex2 cos(2wv1tl) + ZIlex2 Sin(ZWvltl)

+ ZleIy2 cos(2nv2tl) + 2Ix11z2 sin(Zwuztl)] sin(thl)}
(2.27)

Equation (2.27) is the algebraic form of equation (2.7) for a weakly
coupled pair of spins. Observable terms are those of the single
quantum operators I.q, Iyl’ I Iy2' Antiphase magnetization, I I,
and I11,,, will also lead to observable magnetization after a period
of free precession, r, according to the equivalent of equations (2.15)
and (2.20) for a pair of homonuclear spins. For example, IleyZ leads

to the observable operator

- % (Ix cos(2rv27) + I sin(Zruzr) sin(xJr) (2.28)

2 y2

after time r.
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Equation (2.27) can be truncated to observable terms and

manipulated using trigonometric functions to give:

p(t],0) = g { It sin(2#(u1+%)t1) - sin(Zﬂ(ul-%)tl) ]
I, sin(Zw(ué+%)t1) . sin(Zw(uz-%)tl) 1

+ { cos(21r(|)1--g-)t1) - cos(Zﬂ'(Vl-i%)t:l) |

21lex2

+ Zlelzz[

cosin(vy-P)t) - cos(2nivy+t)) | } (2.29)
A number of details of the COSY spectrum can be observed from equation
(2.29).

(1) Frequencies in Wy (and wy) are at v1 + J/2, (u2 + J/2).

(2) The first two terms continue to precess at the same frequency in
ty as in t;. These terms therefore give rise to peaks’ on (or
associated with) the diagonal. Two pairs of J-separated doublets
oceur at vy and v, in each dimension. These two pairs are in phase,
because magnetization is aligned at t; = 0. The lines of each doublet
are inverted relative to each other (in antiphase). The sine
dependence of t; implies that the Intensity at t; = 0 and ¢, = 0 is
zero, so that the sum of all lines in the spectrum must be zero.

(3) The third and fourth terms precess in t, at a different frequency
from their t; precession. They constitute cross peaks. Both these
terms have zero intensity at t) - 0 and £; = 0, and are antiphase
relative to J (equation 2.28). The cross peaks are in phase with
respect to each other, but 90° out of phase with respect to the
diagonal peaks.

(4) The COSY experiment is amplitude modulated. The experiment is
non-quadrature in t;.

(5) The 1-D spectrum is always reproduced along the diagonal.
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The diagram of the Fourier transformed COSY experiment is shown in
Figure 2.2 Figure 2.2(a) shows a low resolution map of the positions
of all peaks. Non-zero intensity of the cross peaks indicates non-
zero coupling between nuclei 1 and 2. Figure 2.2(b) is the high
resolution phased spectrum of the left hand side of figure 2.2(a)(8).
To ensure proper phased lines as shown, it is often desirable to phase
the spectrum in w, after the first FT and discard the imaginary

buffer(s) before the second complex FT in t;. The problem of phasing

2-D spectra will be discussed in Section 2.5.3.

2.4.1.2 A strongly coupled or multiply coupled spin system

For a strongly coupled spin system, or for a many-spin weakly
coupled system, direct calculation becomes difficult or tedious. With
strong coupling, equation 2.25 no longer holds. The eigenbasis of the
Hamiltonian is no longer the product basis, and the frequencies are no
longer transparently obvious. The calculation is most easily done on
a computer. The Hamiltonian is diagonalized, and all spin and
rotation operators are represented in the eigenbasis of the

Hamiltonian. Equation (Z.9) with U = V = (1r/2)y becomes

-iw, .t -iw

t

ij°1 k1%2
S , - LZTZIZ I ;o1
(£1,85) = €8 T s e e [lx]ij[ +]1kRk1 13

(2.30)

- 1%1
where R =e 4

For n coupled spins-1/2, the size of each matrix is 20 x 20,
Calculations and computer programs for various pulse sequences

eXiSC(46.7’58).
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We note the following general features:
(1) The coupling, rather than the chemical shift dominates the
spectrum,
(2) Lines are not generally phaseable; the read pulse (wx/2) does not
select one phase of the magnetization, because the spins are strongly
coupled.

(3) ‘.e spectrum is non-quadrature in t;.

Figure 2.2c shows a schematic COSY spectrum of a strongly coupled
two spin system in absolute value mode, for comparison with figure
2.2(b).

Figure 2.3 is an example of a COSY spectrum on a strongly coupled
6-spin system: benzene dissolved in the liquid crystal EK 15320. In
the strongly coupled case, cross peaks do not indicate coupling
between individual nuclei, sincg every transition involves all spins
on the molecule. Cross peaks instead indicate transitions of the same
symmetry, which are correlated. Figure 2.4 shows the COSY spectrum on
20% randomly deuterated benzene. The spectrum looks very complex
compared to figure 2.3 because it contains signals from a mixture of
different isomers. However, only transitions which correspond to
spins on the same isomer can have cross peaks., Intramolecular
coupling is averaged to zero by translational motion in liquid
crystals. Signals from different molecules can be recognized by che
absence of cross peaks between them. This is an important application
(18),

of COSY for the analysis of mixtures which will be extensively

used in Chapter 4.
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Figure 2.3
Cogy spectrum of benzene.

dimensions.

Benzene
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Spectral width was 10 KHz in both
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Figure 2.4

COSY spectrum of 20% deuterated henzene. Spectral width was 8

KHz in both dimensions.
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2.4,2 Homonuclear MQT correlation

2.4.2.1 Calculation of the spectrum

Figure 2.5a shows the simplest multiple quantum pulse sequence,
consisting of three pulses. Also shown in figure 2.5 are two
variations including = pulses in the preparation or evolution periods.
The following calculation will concentrate on sequence 2.5(b), for

which

Coherence transfer is effected by a bilinear rotation due to
homonuclear coupling. The effective Hamiltonian operating during 7 is
ﬁzz - HD + J;, to first order.

The effect of two pulses separated by a time delay is to generate

multiple quantum coherence. The preparation propagator is given by

-im/2 I -i.?fz T im/2 1 -i¥ 7

U(r) = e Ve o Y me X (2.31)
1

where ”xx - iﬁjDijIinxJ -3 (Iinyj+ IziIzj) + HJ

- i i + Z é‘D (L. .I..-T1T .I. )+ % (2.32)
2 zz T, 8 TiitT+iv+k T-jT-k J '
i<j

¥4y contains O quantum operators (-#,,/2, #;) and 2 quantum operators

(I+iI+j' I-iI-j)‘ For figure 2.5a, with no = pulse during the

preparation, one quantum operators (ﬂx) would also be included, where

Hx - f ViIxi - Aw Ix

The density matrix at the end of preparation is given by:



Typical Multiple Quantum Pulse Sequences

Preparation Evolution Detection
907 90y 90y '
|
(a) !
|
!
T t, t2
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|
(b) l
}
/2 T2 t S ty/2 1,72
80p+r 9Opsy 180y %07 180y
{
1
t,/2 t,/2 ta/2  t,/2
XBL B821-7589
Figure 2.5

Mulciple quantum pulse sequences used and described in the text.

(Figure courtesy of reference (58) ).
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-iﬂgxr iﬂ#xr
p(0) =~ e ﬂIze

; 1 2
- ﬂIz(l + 1[IZ,HXX]T - f[[Iz'Hxx]’Hxx]T + ... (2.33)

The higher the value of [[H, I, the smaller r need be in equation
(2.33) for the creation of significant high order multiple quantum
intensity. Thus, strongly coupled systems are predisposed towards
observation of their MQT spectra. At the same time, such systems
usually have complex single quantum spectra, so that analysis of their
more sparse higher order spectra is desirable.

The evolution and mixing periods result in a signal

_iwi"tl
S(t;,0) = ZZp, (e H Q. . (2.34)
1 PR | ji
1]
where wjj are the evolution frequencies in t; defined by equation
(2.33), and
in/2 1 i¥__r -i¥ _r -im/2 1
Q(r) = ¢ e Ve % I e 22 . y

V(r) can be made exactly equal to U(r) by assuming a fourth pulse

(n/2)s, with "decection" of IZ(SB). This is equivalent to writing

in/2 Iy iﬁzzr -im/2 Iy in/2 Iy -iﬁzzf -in/2 Iy

Q(r) = ¢ e e e Iz e e e ,

retaining only "observable" terms « I,. Thus

i o« i 7
Q(r) = e =¥ I e xo and
€
Q(r) =5 £y;(0)
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Hence equation (2.34) becomes

“lw, .t

3 2 ij 1
§(tp,0) - B f 3‘3 pij(O) e

(2.35)

2.4.2.2 Properties of the MQT spectrum

The signal will be neither in quadrature nor phaseable with
respect to tj. pi§(0) is a complex number with a different phase for

each transitiom ij.

2.4.2,2.1 Even quantum selection
For figure 2.5b and equation 2.33, p(0) contains only even quantum

operators, eg.

(1,.#,] = = a

I. I. ) is a two guantum operator,
i<j J

3
7 Dy Tty * 150

([Iz,Hxx], Hxx] contains zero and two quantum operators,

and higher order terms introduce higher order even MQT coherences.

2.4.2.2.2 0dd quantum selection
Figure 2.5b with the second pulse 90° out of phase with respect to

(58). The sequence

the first becomes selective for odd orders only
(w/Z)i -7 - (1r/2)y acting on the operator ﬂIz is the same as the
sequence ("/2)? - T - (1r/2)y operating on ﬂIy. p(0) can be written
exactly as in equation (2.33) for the even order case, except with BI,

replaced by ﬂIy. Thus every even order operator becomes an odd order

operator, and the sequence ls selective for odd orders.

2.4,2.2.3 Non-selective MQT preparation

Figure 2.5a, in the presence of #, or M,sr..e during r leads to
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both odd and even orders generated in the final spectrum. Figure

2.5b, with the second pulse a (r/4) pulse does likewise.(63>

2.4,2.3 Resonance_offset for separation of MQT orders

During ty, the various MQT operators evolve according to the
frequencies defined by ¥ and AM. 1In the absence of chemical shift or
resonance offset, Fourier transformation with respect to t; of the
experiment 2.5b will produce a spectrum containing all the MQT orders
superimposed about the same centre. This can be seen simply by
looking at the energy level diagram in figure72.6.

The presence of a resonance offset will serve to separate the MQT

orders as a function of ty.

Hoffset - e Iz
-1awI_t iAwI_t iw,

.t
Teome  Flpoume 7

5(t,,0) = Z 2 <ile
L3
—— (2.36)

where wyj are the frequencies of the system in the absence of

resonarce offset. Resonance offset introduces a frequency shift AMaw

where AM = m; - m The offset i{s linear with AM, so that by setting

i
Aw = maximum spectral width required by any order, complete separation
of the orders is achieved.

One difficulty which arises in this scheme is that field

inhomogeneity behaves in a similar way to resonance offset:

-iw(E)I_t

2% iw(¥)I_ t

251 -i AM w(T) tl

<ile p(0) e {j>= e pij(o) (2.37)

The broadening caused by magnetic field inhomogeneity is amplified

linearly with AM, so that higher quantum orders may become obscured.
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Figure 2.6
Energy level diagram for a dipole coupled N spin system.
Transitions of all orders are centred about 0 frequemcy. (Figure

courtesy of reference (58) ).
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A better solution is to use phase cycling as indicated in figure
2.5c. Offset, inhomogeneity and chemical shift are cancelled by a «
pulse in £y and phase incrementation proportional to t (TPPI)
artificially effects a resonance offset. This is described in more
detail in Section 2.4.3.5.

Figure 2.7 is an example of a multiple quantum spectrum in which
TPPI has been used to separate multiple quantum orders. All orders
are present; the spectrum is calculated by the addition of an odd and
an even selective experiment. In w,, the normal 1 QT spectrum is

obtained,

2.4.3 Heteronuclear MQT correlation

The J-coupling between heteronulear spins in liquids is very
useful for the observation of connected nuclei in 2-D heteronuclear
experiments(27'30'55’67), for the generation of heteronuclear MQT
coherence(éz’ﬁa), selective observation of satellite protons at a
labelled site, eg. 130, 15N, in the presence of protons many times
more abundant at NMR inactive sites (60'62’69). For this thesis,
attention is restricted to 13¢ (S) - lH (I) spin systems, but the

approach can be easily generalized to other nuclei.

The sequence which will be considered here is

x|l r I, r 7]1,8, LA R L‘_ I,s z*
”'[5]'5'“) '5*(5] - V‘[z] 2 - (M- 3

on a two spln system IS. This is a typical sequence in heteronuclear
MQT spectroscopy(z), and has been demonstrated Iin the study of natural

abundance 13C and 15N(28'68'70).
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Figure 2.7

Example of a MQT spectrum on 20% deuterated benzene. An odd and
an even order spectrum obtained using TPPI were coadded. A phase

shift of 26.7° was used.
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2.4.3.1 Coherence Transfer

U(r) corresponds to the propagator:

-in/2 Iy -1JISIZSz in/2 Iy _lJISIszT
e e e -e

Hence, the preparation of heteronuclear coherence is given by

'lJISIszr iJISIXSzr
e ﬁIZe

- g [Izcos(ﬂJ - 21y8251n(1JISr)]

1s")

Setting 7 = 1/2J;5, and applying the (1r/2)xS pulse to get transverse

magnetization gives:
p(0) = 8 2Iysy’ a two-quantum operator. (2.38)

2.4.3.2 Evolution

Writing (1,8, + I.S_ - I,S_ - il_S))/4,

[
Iy ¥y )
demonstrates the *2 QT and O QT operators, which evolve in t; at sums

and differences of the chemical shifts

“i(w. + w, )t I(w, + w, )t
- 1 I S 1 I S 1
P(tl )y - - fﬁ {(I+S+) e +(I8) e

“l(w, - w, )L i(w. - w, )C

S s e I s 71 (1s,) e I s 71 }
- 28 {IxSx sin wItlsin wgty + Iysy €05 w; t,c0s waty

: IxS cos wI sin ws - I Sx sin wI cos wS }
y y —(2.39)

2.4.3.4 MixIng and Detection

V(r') is composed of a (ﬂ/2)§ pulse followed by the propagator

-iJISIzSzr’
Thus antiphase magnetization 1,8, and 1.5, is
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generated from terms 1 and 4 in equation (2.39), which decay to

observable magnetization under V with r' = 7 = 1/27:

p(tl,O) - ~ﬁ1ysin wIclsin wgty - ﬁIxsin wItlcos wstl (2.40)

The non-quadrature nature of this spectrum is reflected in O and 2 QT
lines of equal intensity. The final signal is given by:
iw,t

Be _. S°1
5 51n(w1c1) e

S(tl,O) - -
Later, sequences will be shown which give both absortion mode spectra
and quadrature in wy, while retaining- the S/N advantage of initiating

and detecting magnetization at protons, and eliminating any

contribution of the static field inhomogeneity.

2.5 PHASE CYCLING
There are a number of features in Section 2.4 which can be
considerably improved by phase cycling methods. Shortcomings include

non-quadrature in cl(ZS)‘ unwanted axial peaks, pulse errors(ss),

57 1n

phase distortions on double complex Fourler transformation
heteronuclear correlations, discrimination between satellite and non-
satellite magnetization is often desirable. In multiple quantum NMR
problems Include overlap of different multiple quantum orders,
sensitivity to pulse errors. All of the above can be improved by

(19'21). A brief description of the effect of

phase cycling procedures
phase modulation on a pulse or operator will be followed by

application to several of the experiments discussed above.
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2.5.1 Phase shifting of pulses

Phase shifting of rf pulses by angle ¢ is equivalent to rotation
about the z-axis by ¢. Thus, for a n/2 pulse,
[ ] ~;¢Iz -in/2 Ix i¢Iz
'i' = e e e
X+¢

) e-iw/Z (Ixcosé + Iysiné)

-in/2 1
-e 4 (2.41)

and for a m pulse,

ing -1g1, 141

-7 e (2.42)

For an arbitrary propagator U, a phase shift by ¢ is given by

-iglI 161
Uy - e Zye % (2.63)

2.5.2 Effect of a phase shifr on the density operator

The effect of a rotation ¢ on the density matrix element which has

order AHij -my - mj is

-i¢Iz i1 -iAHij¢

<ile p e pije (2.44)

Consider propagator U acting on the density matrix p, resulting in
(UpUt). Changing the phase of U by ¢ causes the following change in

the phases of the elements of (UpUT):
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181 141 -igI g1
Pue Zpe z yte 21>

-i @ inM, . ¢
e AMkl ZZe t

i3]

t1s -
<k|U¢p u¢|1> <k|e

- (UpUT (2.45)

1

i.e. The phase of the kl-th element of (UpUT) is changed by (M, -
AMij)¢' where the Indices ij correspond to any element of p which can
be transferred by U Into kl coherence in (UpUT). We write
Ap = (AMy; - aMy ;) (2.46)

This is a very important result. By changing the phase of a pulse
or propagator by ¢, the phase of the density matrix elements is
changed by Ap x ¢, where Ap is the change In coherence level caused by
the propagator. This idea is extensively developed in the design of
phase cycling precedures for selective sequences(71'72).
For example, consider

PO . I i . - o 4
Ux [2]~ 4 [2] ; Ap 0, 1, %2, *3
y y

as the preparation step of a MQT experiment. By keeping the third
read pulse at a constant phase, phase cycling U by 1800, and coadding
the resulting two spectra, all even orders can be selected. Only
coherences for which Ap n = 2kx are retained. 0dd order coherence is

Inverted by the phase change and cancels out.

2.5.3 Examples of phase shifting procedures

In all cases, it is assumed the spectrometer detects in quadrature

and samples m = +1 coherence.
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2.5.3.1 Removal of axial peaks in COSY or MQT spectra

Axial peaks result from longitudinal relaxatiom during t;. Some
of the transverse coherence decays to I, and is converted back into
observable coherence by the second pulse. It appears at wy = 0 in the

2-D spectrum. Axial peaks can be large and obscure other resonances.

They may be eliminated by the phase cycling procedure<19’21):
receiver
[Ux vy +
Ux Vi +

Coherence changes phase by Ap.w, where Ap = 1 for longitudinal
coherence I, during t, 8p = 0,%2 for transverse coherence. Thus
signal from longitudinal coherence in t) is cancelled. Figure 2.8a
shows thé coherence transfer pathways in the COSY experiment. The
pathway shown Iin dashed lines is eliminated by the phase cycling

above.

2.5.3.2 Quadrature in t,

Figure 2.8a shows that coherence both of m = +1 and m = -1 in ty
1s detected in ;. A read pulse of one phase does not discriminate

between them. The simplest solution to this problem is to vary the

phase of the read pulse, according to the cycle(lg'ZI):
receiver
[UX vx +
Ux Vy -

The dashed pathway in figure 2.8b is eliminated by this procedure.
The dashed line is the coherence pathway for which m changes from 0 -
+1 - +1. It is termed anti-echo signal. The solid line corresponds
to coherence pathway O - -1 - +1, and is termed echo signal. Echo

signal accumulates a phase factor due to the magnetic field
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Figure 2.8

Phase cycling procedures and the corresponding coherence

pathways. Dotted lines show pathways eliminated by the phase cycling.
(a) COSY, elimination of axial peaks
(b) COSY, selection of guadrature

(c) 2 QT filter.
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inhomogeneity of exp(-iw(f)tl) during t;, and of exp(iw(¥)ty) during
ty. A coherence transfer echo is produced at t; = t;. Echo peaks are
narrower at a 90° angle to the main diagonal in a 2-D COSY spectrum
and are usually selected over antiecho peaks. In a well shimmed

magnet, the difference is negligible.

2.5.3.3 Phasing a gquadrature COSY spectrum

The effect of phase cycling the read pulse in Section 2.4.3.2 to
get frequency discrimination in t; is to additionally cause phase
(57)

twisted lineshapes in the COSY spectrum The simplest non-

quadrature COSY sequence and a real transform in t; gives a phased 2-D
spectrum as shown in figure 2.2b:

S(wy,wp) = (1/2) (A] + 1D} + A] + iD]).A,

- (1/2) (AfAp + AjAg) + 1(DJA; + DiA;) (2.47)
where
+ tl -iwgt - tl fwst
a = J e “lrcos(wt)dt ; a8 - J e "1 cos(wt)dt
0 0
+ tl ~ilwgt - tl iwt
Dl - J e 1l sin(wt)dt ; Dl - J el sin(wt)dt ; (2.48)
0 0

etc. for subscript 2. (The sign is not specified in the case of
subscript 2 since the quadrature nature of the signal in w, is
agsumed.) Hence, the real part of the spectrum is in phase.
Cycling the read pulse by 90° and adding a second spectrum is
equivalent to aiding dispersion lineshapes to the spectrum.
S(wy,wy) = (A} + iD})(Ay + 1Dy)
- (AjA; - D{Dy) + 1(ATD, + DJA,). (2.49)

Here, the second transform is complex, to ensure saving the sign
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information.

Methods have been developed for obtaining pure absorption mode 2-D
COSY spectra. The two halves of the phase cycle of Section 2.5.3.2
are separately transformed, with a real transform in tl(73>. This
gives

Re(S,(wy,wp)) = (1/2) (A] + A7)A, (2.50)
Im(Sg(wy,wp)) = (1/2) (A] - A])A, (2.51)
If the two spectra are now combined by
Selwp,wg) + 1 Sg(wp,wy) = Ay"Ay,
a pure phase, frequency discriminated spectrum is obtained. This is
at the expense of storing twice as much data, but with the same NMR
experimental time.

A second method(’*) uses the Time Proportional Phase
Incrementation(36‘38'75) (TPPI) technique to separate between orders
with m = +1 and m = -1, The phase of the preparation pulse is shifted

by ¢ with each t; increment. The density matrix responds accordingly:

iw, .t 1AM ¢

011(E118) = by (5] ,4=0) & e (2.52)

where AM has been written for Ap, since all elements have coherence 0
before the preparation pulse. Marion and Wuthrich indicated that by

setting the phase increment to ¢ = t;Aw, the signal becomes

p(tl,wz) - Azcos(wij+ AMAw)tl (2.53)

With AM = = 1, the echo and antiecho signal become shifted by * Aw.
The minimum requirement is Aw = (spectral width{(SW) )/2, which
corresponds to ¢ ~ m (the SW is defined as 1/At;). The real

transformation wrt t;| assures absorption mode signals. TPPI assures
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that all peaks lie between * SW, so there is no aliasing. The price
paid is that twice the SW is required compared to the basic COSY

experiment.

2.5.3.4. Selection of a MQT order - Phase Fourier transform (PFT)

By cycling the preparation phase U¢ through appropriate fractions
of 3600, any multiple quantum order can be selected by a linear
combination of the phase shifted spectra(76'77). Typically, for
selection of even order AM, ¢ = 360/2AM ensures elimination of all odd
orders and even orders at least up to 2AM. For selection of odd
orders, the rule 360/4AM has the same effect. Figure 2.8c shows a

relative phase change in 90° steps of U relative to V. 2QT coherence

is selected, with 0 QT, 1 QT and axial signal eliminated.

2.5.3.5 Separation of Multiple Quantum Orders by TPPIL

Separation of all orders in the same spectrum is usually more
convenient than PFT because errors caused by imperfect phase
cancellation or dynamic range problems tend to occur in PFT. Using

equation (2.52) with ¢ = tlAw, gives

-iw2t2
S(tl,tz) - cos(w1+ AHAw)cl e (2.54)

¢ must be chosen so that (ZAMmax + 1)¢ = 27, to separate (ZAMmax + 1)

orders.

2.5.3.6 Correction for a m pulse error

m pulses are often used to echo chemical shifts and

(35)

inhomogeneities. Imperfect m pulses lead to spurious peaks A



perfect example is given in the spectrum of CH,Cl, in figure 2.9.
These are phantom signals due to the transverse magnetization
generated by an imperfect 7 at t1/2 and t,/2, hence causing signals
which appear at 1/2 the frequency in wiand w,.

The solution to this problem is the phase cycle(38) (see eguation

(2.42) ):
n pha;e receiver (odd QT) receiver (even QT)
0 + +
90 - +
180 + +
270 - +

At the same time, this cycle leads to improved selection of even or

odd orders only in a MQT experiment.

2.5.3.7 Design of a MQT filter

By a simple rearrangement of the time intervals in the MQT pulse

sequence in figure 2.5a, a MQT filter is created, i.e. set

°- o) -6

V is a mixing propagator which generates MQT coherence by.the first
pulse, and after time 7, regenerates single quantum coherence by a
second pulse, for detection. By appropriate phase cycling, any order
(78-83)

of coherence AM can be selected, making V a AM-quantum filter

The required coherence pathway for such an experiment is

T

2
coherence
level: 0 - + 1 - AM - 1

Consider a phase change ¢ on the first two pulses of this sequence.
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XBL 871-954F

Figure 2.9

A "three" dimensiomal spactrum of CH,Cl,, taken point-by-point in
both dimensions, with refocussing in t; and ty, and showing the

spurious peaks due to imperfect m pulses.
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Both the echo and antiecho pathways indicated above experience a phase
change of AM ¢. Setting ¢ = 360/24M means that alternating the
receiver +/- selects for even order coherence AM. (For AM odd: use ¢
= 360/4AM, and the receiver cycled through 90° phases). Table 2.III
shows phase cycling for a two quartum filter which includes selection
of quadrature signal in ty.

An n-quantum filter is useful for selecting signals from subunits
having at least n coupled provons. It is very useful for simplifying

spectra. Chapter 4 shows many examples.

An n-quantum filter can be made slightly more selective by noting
that, in the absence of an offset or cheinical shift (achieved with a =
in the middle of r in the n-quantum period), the n-quantum coherence
of different spin systems behaves differently.

i.e. n-QT signal
n coupled spins constant non-oscillating

signal (zero frequency)

(n+l) coupled spins signal oscillating at non-zero
frequencies
(n+2) coupled spins signal oscillating at zero and

non-zero frequencies

(n+3) coupled spins signal oscillating at non-zero

frequencies



Table 2,111

Phase cycling sequence for 2 QT filtered COSY, with quadrature in ty

receiver
b x x +
b y y -
X 3 X +
x ¥ y -
y y x -
y ® Y +
y b x -
y % y +
i3 X X +
X ¥ v -
X X X +
X ¥y g -
7 7 x -
y X y +
¥ ¥ % :
y X y +

AM:0 - -1 - 2 - 1
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By varying r in small enough increments so that the oscillating signal
is sampled a few times during its cycle, this oscillating signal is
averaged to zero, Thus, (n+l), (n+3), (n+5), etc. spin systems will
not contribute to the final signal. The zero frequency component of
(n+2), (n+4), etc. spin systems will still contribute. The r range
required is

1/Tmax Z ¥2qT, smallest

Ly2ar = l’nQT,largest:‘

2.6 ECHOES AS AN ALTERNATIVE TO PHASE CYCLING

Using field gradients and echoes is an alternative to many of the

phase cycling techniques of the previous section(23) Figure 2.10a
shows how the echo or antiecho signal may be selected from the COSY
experiment, by dephasing of the unwanted signal with a field

t(2'8,40,59). Figure 2.10b shows how signal which has passed

gradien
through a 2 QT coherence step may be selectively filtered using an
echo (CTEF) (2,

In general, signals detected as echoes are not phaseable in
coherence transfer experiments. Only amplitude modulated signals are
phaseable. Echo techniques always detect only one compoment in t; and
are hence phase modulated. In cases where additional pulses are

applied at the point of che echo, these pulses can be used to select

one phase.
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Figure 2.10

Examples of the use of a field gradient as a filter. (a) is the
COSY experiment, where the echo or antiecho component is dephased by a

linear field gradient; (b) is a 2 QT Coherence Transfer Echo Filter.
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CHAPTER 3

SHARP:

High Resolution NMR of Heteronuclear Spin Systems

in Inhomogeneous Fields

This Chapter describes an application of heteronuclear coherence
transfer echoes to the observation of high resolution chemical shift
spectra in inhomogeneous fields. Section 3.1 gives a brief survey of
the use of heteronuclear coherence transfer in NMR. Section 3.2
discusses the underlying principle of SHARP, which eliminates the
contribution of static field or susceptibility inhomogeneity to the
spectrum. In Section 3.3, a varlety of pulse sequences are introduced
and demonstrated on 13C-enriched ethanol in an inhomogeneous magnet.
In Section 3.4, an application of SHARP to natural abundance compounds
is given. A gated integrator is described for improving the S/N in
multiple echo detection. Sectlion 3.5 shows the use of SHARP in a
surface coil experiment and demonstrates that there is a certain

inherent selectivity of the sequence for axial distance from the

surface coil,

3.1 INTRODUCTION

Heteronuclear 2-D spectroscopy of liquids has been demonstrated in
many experiments for the indirect detection of nuclei and for the
cross-correlation between spectra of different but coupled nuclear
species. Coherence transfer was first reported by Maudsley and

Ernst(28) in an experiment in which carbon magnetization prepared
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during time t; was indirectly measured as proton magnetization during
time t,. Coherence transfer involves the formatiun of bilinear

operators of the form I (p =~ x,y,z). Their generation is described

Psq
in Section 2.3.1. They are not directly observable, but are easily
manipulated with #/2 pulses and delays r of the order 1/31g (30,64,84)
into observable coherence which retains a memory of its origin. In
particular, when p,q = x,y, two-quantum (I+S+, I_S_) or zero quantum

(1,5_, I_S+) heteronuclear coherence is said to be generated, and when

(85)

4

p=q=z, the system is said to have J-order

This basic idea has been utilized in a number of experiments:

(1) The INEPT(64'85) and DEPT(65) experiments (alluded to briefly in
Section 2.3.1) were designed for the measurement of low sensitivity
nuclei (S) by enhancing their initial magnetization from the large
proton (I) reservoir. The S spin spectrum is thus measured with much
improved sensitivity, though the methods are selective to those S-
spins which are directly coupled to protons, and depend on the value
of their coupling constants.

These experiments were taken one step further by applying a
coherence transfer back to protons at the end of a period of S-spin
evolution, and detecting the proton signal rather than the S-
spin(28'30’60). A two-dimensional data acquisition is then required,
with the S-spin evolution measured in a point-by-point fashion.
Higher sensitivity can be obtained in this way because of the higher
gyromagnetic ratio and typically lower filter bandwidth of
(68,70,86-7)

protons Figure 3.1 shows a case where signal level is so



(b)

L ]
-1250 1250
Frequency (Hz)
XBL 8719557
Figure 3.1

Comparison of the 1

H NMR spectrum of a strongly attenuated water
signal, ctaken (a) by direct detection, and (b) by indirect detectior
and mulclple echo sampling (Section 3.4.1), and recorded for equal

times.
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low that point-by-point detection (3.1b) gives an improved signal over
direct detection (3.la) for the same experimental time, with both

experiments detecting protons!

(2) Bilinear rotation was used as a means of obtaining broadband
homonuclear decoupling (BIRD)(62). Protons attached directly to a 13C
are distinguished from their non-13¢-bonded neighbours and hence
decoupled from them. A closely related idea was used to determine

heteronuclear coupling constants (88 for protons directly bound to

carbons. Many examples of these ideas were illustrated(87-93)

(3) Coherence transfer has also been demonmstrated in echo phenomena in
homo- or heteronuclear coupled systems. Magnetization allowed to
decay for some Interval of time at protons frequencies has been
rephased as a 13¢ echo in four times the cime, in according with the
ratio of gyromagnetic constants(al);' dephased homonuclear multiple
quantum coherence of order n can be rephased as single quantum
coherence, and the echo detected at n times the dephasing

interval(ho). Echoes were also alluded to in Section 2.6, in their

importance in preserving the quadrature nature of a 2-D experiment.

The SHARP experiment is a heteronuclear coherence transfer echo
experiment. The signal 1Is measured as a function of some time € up
to an echo. The Hamiltonian is manipulated during t; to retain
chemical shifts, with or without scalar coupling, and to obtain purely
homogeneous lines. The sensitivity Is that of protons directly bound

to the heteronucleus, while the resolution is determined by the
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homogenzous linewidths and the heteronuclear shifts. These features
originally suggested the acronym SHARP for Sensitive, Homogeneous and
Resolved Peaks(%%).

SHARP addresses a number of problems in high resolution and in-
vivo spectroscopy. A sample may be too large to enable good static
field homogeneity over its whole, hence observation of high resolution
spectra would be precluded. Unwanted background signal, such as H,0,
can swamp smaller signals. Iphomogeneous susceptibilities caused by

sample shape or internal compartmentalizatiorn lead to inhomcgeneous

lineshapes. These problems are eliminated by SHARP.

3.2 MANIPULATION OF #; DURING t;

The spin system under conslderation consists of an isolated S spin
directly bonded to n = 0-3 equivalent I spins. I-I coupling between

different I S groups occurs. The Hamiltonian is given by:

I 1 1S
H-HZ+H:+HJ+HJ (3.1)
where
I -
”z - - f wilg -y (E® T 3.2

in which w; and wg include both chemlcal shift and resonance offset,

and the second term decribes field inhomogeneity; and

11 i3
= =22 J2I I . (3.4)
J 1< I17zi"zj

1S
HJ - f JISIziSz (3.5)

are the scalar coupling Hamiltonians in the weak coupling limit.

The schematic pulse sequence diagram in figure 3.2 describes the
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Figure 3.2

Schematic SHARP echo spectra. (a) shows the simple notion of 4:1

heteronuclear and homonuclear evolution; (b), (c) show the use of
double gquantum SHARP echoes.
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essence of the SHARP experiment, in three different versions. All

pulse sequences are described for the 13¢.14 heteronuclear pair, and

timing intervals are adjusted in the ratio of their gyromagnetic

constants. Use is made of the relation(31):

13&5&25_ - s (3.6)
S S t '
v~ (M) I

For 3¢ . 1H, 71/75 = 3.977 = 4. The evolution times t; and tg are
adjusted so that I spin coherence evolves for 1/4 of the time of S-

spin cvherence . The result is an average Hamiltonian in ty:

= 1 I II IS
A= R+ ui (+ £ T+ EyH D) (3.7)

where the coupling terms are included in brackets with fraction f; and
£, to indicate that their contribution may vary with different
sequences. For example, in figure 3.2a, f; = f, = 1/4, in figure
3.2b, fl -1, f2 = 0, in figure 3.2¢c, fl - f2 = 0 (detailed in Section

3.3). For the Zeeman terms of an InS spin system:

Z 1 1 = ,1 I S
le- " wIIz - wSSz A AHO(r)(Z vy Iz + v Sz)
— (3.8)

The frequency with which a component of S-spln coherence with M5 - .1
and a component of I spin coherence with Ml < 41 evolves under the

influence of Hl is

wp = ( wg* % wI) (+ J-terms) (3.9)

since yg - v7/6 = 0. This echo siynal is purely homogeneous. It is
dominated by 13¢ chemical shifts. Selection of only one component of

the evolving magnetization implies the spectrum is Iin quadrature with
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respect to t1(95>.

Figure 3.3 demonstrates the use of SHARP. The 'H, 13C and SHARP
spectra of 25% enriched ethanol in an inhomogeneous field are shown.
Very narrow lines are obtained for SHARP, close to the frequency of
the heteronuclear spins. The need for shimming is eliminated
altogether.

Figure 3.4 compares more highly resolved 1y ana 13c spectra and
the SHARP spectrum to demonstrate the origin of the SHARP chemical
shifts. The SHARP chemical shift is given by & (130 chemical shift -
lH chemical shift, in ppm). In the next section, the spectrum is

explicitly calculated and a variety of J-edited sequences presented.

3.3 SHARP SPECTRA OF ETHANOL

The ethanol sample used was a mixture of 25% 1—13C, 25% 2-13C and
50% 120. The coupling constants are JCH(Me) = 128 Hz; JCH(Et) = 144

Hz; Jyy(Me-Et) = 7 Hz; Jp(Et-OH) = 5 Hz.

3.3.1 The 4:1 experiment

The schematic and full pulse sequences for the 4:1 experiment
appear in figure 3.5 and 3.9. At the end of the preparation step, we

have, according to equation (2.38) with r = l/ZJIS,

pSAT(O) - ZﬁIxSx (3.10)

Pron (@) = -ﬂly (3.11)

The next stage is a 4t,/5 period of I, decoupling, which spin-locks
1 X 4 P

1,., removes HJIS from the Hamiltonian and results in S-spin evolution



a)l 'H spectrum

b) '3c spectrum

cl SHARP spectrum

[ | . el
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Frequency (Hz2)

XBL 855-251v

Figure 3.3
1H, 13¢ and sHARP spectra of 25% 13¢ enriched ethanol with a

surface coil. The 13¢ spectrum was recorded for 2h. The SHARP

spectrum took 1 hour, using the sequence of figure 3.9.
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Figure 3.4
The relationship between SHARP and 13¢ chemical shifts.
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to give
& ey =281 (s.cosZat,) + s sintac) ) (3.12)
5% x(5x00s (5 Gty ySin(z Oty :

PsaT

where ns = ug + 7SAH°(r)

Meanwhile non-satellite magnetization pyoy dephases rapidly in the yz

plane due to the inhomogeneous rf field along I,.

3.3.1.1 The 4:1 experiment with J1s coupling partly retained

The remainder of pulse sequence 3.5 is a (R/Z)S pulse, followed by
evolution for ty/5 and detection of the tip of the echo as I,. A

(R/Z)g pulse results in

4 + 4
pSAT(g tl) - - 28 Iszcos(g ﬂstl) (3.13)

where only observable terms have been retained. The evolution period

t1/5 results in proton precession, according to

P (t,) = - 288 cos(ﬁﬂ t 1[I cos(lﬂ t.) + 1 sin(lﬂ t)] COS(lﬂJ ty)
SaT 1 z 5°sT1 X 57IT1 y 5I71 571s71

1 1 1 1
+ [Iyszcos(gﬂItl) - Iszsin(gﬂItl)] ZSin(ngIStl)} cos(gﬂJIItl)

(3.14)
where 01 -up + 7IAH°(?),
leaving observable terms
1 4 1 4 1
pSAT(tl) - - 2ﬁ {Iy[cos(g nS+ 3 ﬂI)tl + cos(-§ ﬂs+ 3 nI)tl]
4 1 E3 L
- Ix[sin(5 ns+ 3 nI)t1 + sin(-s nS+ 5 nI)tl] }
x sin(l nJ_.t.) cos (l rJ__t.) (3.15)
5 ISl 5 I1°1 ’

Two terms are echo terms and two antiecho. We retain only the former,

presuming that antiecho terms are rapidly dephased in the
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A &4:1 SHARP sequence, retaining Joyu/4 and JHH/A.
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inhomogeneous field. Thus, for a spectrometer detecting I_,

L L(-wgh w/b) (4t /5]
Poar(ty) = - 7P I, e sin(nd /4 [4t)/5])

x cos(nd /& [4/5]) (3.16)

The frequencies, on Fourier transformation wrt 4t;/5, are given by

W=~ W, + % [2)

t Jg/B * J/8 (3.17)

Equation (3.16) points out several features of the spectrum: °

(1) All lines are in phase, independent of the multiplicity n. The
spectrum is antiphase with respect to the Jyg/4 coupling, and in phase
with respect to the JII/4 coupling,

(2) The spectrum is in quadrature in tj.

(3) The signal intensity is proportional to the proton 8 x e (Section
2.4.3). Also, the choice of recycle delay depends on protons rather
than carbon.

(&) The chemical shifts are -vg + v/4, so the spectrum is laterally
inverted relative to a regular 13¢ spectrum, but with peaks in
approximately the same relative order.

(5) There is no inhomogeneous broadening, in the absence of diffusion.

Figure 3.6 shows the result of the 4:1 sequence in figure 3.5 on
the ethanol sample. 1In practice, the spectrum is always obtained as
the difference between two experiments in which the first (n/2)S pulse
and the receiver are alternated in phase to suppress any residual
non-satellite magnetization. This is indicated by (*) in figure 3.5.
Note the antiphase J;g doublets. Line intensities depend on r

according to rp.. = l/ZJIS. J11/4 = 1.75 is not resolved, but causes
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Figure 3.6

Dependence of peak intensities ou the choice of r. Intensity is
maximized at r = 1/2J.y. Spectra were recorded using sequence 3.5.

The doublet separations marked are values of J.y/4.
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line broadening of the order of 8§ Hz.

3.3.1,2 Some experimental details

The positions of the peaks depend on the 13¢ and ld transmitter
offsets, according to equation (3.17). When different 1y offsets were
tried, strange line structures were found. This was attributed to.che
inadequacy of the simple decoupling pulse of figure 3.5b which shows
poor off-resonance decoupling behaviour. Figure 3.7 demonstrates the
peak structure for different types of decoupling. Simple decoupling
leads to an incorrect spectrum. WALTZ-4 decoupling(gs). or a
decoupling pulse consisting of equal lengths of x followed by X
decoupling lead to an improved result. In all experimerts involving
decoupling that follow, the x/X decoupling sequence was used, since it
usually gave better S/N than WALTZ-4.

Figure 3.8 now shows the exact experimental sequence used. The 7’
purge pulse along x purges non-satellite signal, which would otherwise
re-echo at the end of Atl/S. 7' ~ 4-8 ms was used., These explicit

experimental details are not included in the rest of the sequences

illustrated, but they are used.

3.3.1.3 The 4:1 experiment with scalar JIQ removed

Figure 3.9 shows a 4:1 experiment in which an extra coherence
transfer step is included, in order to bring all lines into positive
absorption mode. From equation (3.13) with 7 = 1/2JIS, the density

matrix after the second coherence transfer step is

st (3.18)

4+ 4
Psar(s By) 7 A Lycos(3 0



Simple Decoupiing

WALTZ-4 or x/X decoupling

Frequency (Hz)

XBL B71-9554

Figure 3.7

(a) The effect of an imperfect spin locking pulse in sequence 3.5

(b) Replacement of simple decoupling with a WALTZ-4 or x/X sequence
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Figure 3.8

Explicit experimental details of the purge pulse and x/X spin

decoupling used in most experiments.
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J1g is eliminated during the final t;/5 with a e pulse, giving
1 i(-ws+wI/4)[4t1/5]
pSAT(tl) - Ziﬂ I+ e cos(nJII/A)[Atl/S]

— (3.19)

which has frequencies occuring at

1
- - = +
@) wet Fwp % JII/B (3.20)

All lines are in positive absorption mode.

Figure 3.3 shows a SHARP spectrum obtained by this method. The
scaled proton-proton couplings are not resolved. Figures 3,10 and 3.11
show 2-D versions of cthe SHARP experiment. During t,, an FID is
collected in an inhomogeneous static field. In figure 3.10, the Jig
coupling is retained during w;. 1In figure 3.11, the J;c coupling is

removed. Residual linewidths in wy are -~ 8 Hz, in Wy - 200 Hz.

TWO-QUANTUM PULSE SEQUENCES

3.3.2 The 4:5:1 experiment

Alternative experiments were devised which improve the linewidth
and resolution of the SHARP experiment. The requirement is to avoid
the scaling of JI1- The experiments involved double quantum coherence
interrupted by = pulses at appropriate intervals. Figure 3.12 shows
the pulse sequence for the 4:5:1 experiment. The ratio indicates the
intervals of free precession. The prepared coherence is again I,S.:

1S, = 1/6 (1,5, + 1,8 + IS, +135.),

x5x
of which we shall follow the component I S,

For 4t;/5 the S5-spin component of I S, evolves freely, while a =
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Figure 3.9
4:1 SHARP sequence retaining Jyu/é coupling.



XBL 851-753
Figure 3.10

Two dimensional SHARP spectrum of 132 enriched ethanol taken with
pulse sequence 3.5. Narrow lines of the echo spectrum appear in wj.
The inhomogeneously broadened spectrum appears in wy. The spectrum
was recorded with 512 x 256 poiats , at a spectral width of 1 KHz in
wy; and 5 KHz in wy. The peaks are folded in w; and an absolute value
spectrum is shown. 2 shots were averaged per t; peilnt. r = 3.846 ms

and r’ = B ms were used.
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w2

XBL 851-752

Figure 3.11

Two dimensional SHARP spectrum of enriched ethanol, taken with

sequence 3.9, under the same conditions as in figure 3.10.
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pulse on I at 2t,/5 refocusses the I-spin chemical shift and
contribution to the inhomogeneity and creates I_S,; the average

Hamiltonian during this period is

ﬁl - 4+ #l (3.20)
Z J

The evolution can be followed using the example of equation (2.39) for
the different double quantum frequencies. During the next ty/53, the
I-spin component now evolves freely while the S-spins are refocussed

by a 7 pulse half way through this interval:
3 I II
”1 - Hz + HJ (3.22)

At the end of t;, an invisible double quantum echo is obtained due to
the overall cancellation of magnetic field inhomogeneity in the

component 1_S_ . The echo, detected as I+, is given by

L(wg-wp/4) [4t,/5]

1 S .
pSAT(tl) - - Ziﬂ I+e cos(wJIIvl) (3.23)
Frequency labelling as a function of 4t,/5 is given by
W, = W, - l w r J_../? (3.24)
1 S 41 - "II :

The full proton-proton scalar coupling is retained in this experiment,
an example of which is shown in figure 3.13a. Jyg = 0. Now that the
individual fine splittings can be resolved, the linewidth is reduced
to the natural linewidth, though there appears to be some broadening
due to certain effects of the sequence to be discussed later. The
linewidth in figure 3.13 is ~2 Hz. The fine structure of proton
spectral lines is superimposed on resonance positions defined mainly

2
by 130 chemical shifts. The methyl resonance is a triplet, and the



a) DQ

1 s echo echo
41 5t 1 | Conerence
Preparation E o 70| Tronster
o 2{n
[AR) /\ PN
Evolyi ~
volying
Oparator I+5. I.S. I.S. 1.
b)

3
3

@« G

] I ] (2)
1 iz Ay L} thy ol T t
z z m) ) i1 2|2 2
1
| Noa
hLd T
T z(#) T 2 T
< S . —_
i
S [ ”
]
]
- ! —
' Prep ) Evolution i Coherence ! Detsction
' [ ¢ Tronsfer !
1.5+ I-5, I.s. I
XBL 858-3343

Figure 3.12
The 4:5:1 SHARP double quantum echo sequence, which retains Jyy.
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Proton Decoupling (with BIRD)
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Fipure 3.13

SHARP? spectra of enriched ethanol, taken (a) with pulse sequence

3.12, (b) with pulse sequence 3.16.
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ethyl resonance a doublet of quartets, due to simultaneous coupling to
the methyl group and to the partially exchanging -OH group. Note that
the spectrum is dominated by positive 13C chemical shifts, so that the
lateral inversion of the spectrum of the 4:1 experiment described in
Section 3.3.1 does not occur.

The selection of m pulse spacings can most easily be deduced by
noting the relative dephasing ratios of the conerences IS , I S, and
I_S_. These are 5 : -3 : -5 respectively, because proton magnetization
dephases 4 times as fast as that of carbon. Hence dephasing times of
4 : 5 : 1 result in a total dephasing of 0. In general, if the
relative dephasing ratios of the coherences created in each interval
between m pulses are given by ry : v, ! rj, then the relative lengths

. of these intervals t; : t, : tq must satisfy the equation:
Tyt) + Iyty + Ity = 0
The additional requirement that HJIS = 0 implies that
t] + tg = ty.
Hence
(r2 + r3)

€, = 50— ¢t
1 (r1 + r2) 3

The remaining components of 1,5, are not observed; I_ 3,  and I S,
cannot be refocussed by any arrangement of 7 pulses and I.s_ 1is

precluded because the spectrometer only detects I, .

3.3.3 The 3:5 experiment

If the requirement HJIs

=~ 0 is not included, then two intervals
are sufficient for the creation of a double quantum echo, and
rjty + rotg = 0

The equation is fulfilled for interval times in the ratio 3:5 for 13¢
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The 3:5 SHARP d uble quantum echo sequence,
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which retains Jyy and
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- 1y coupled spins (figure 3.14). The result is shown in figure
3.15a, where both heteronuclear and homonuclear coupling are evident
and the spectrum is at its most complex form. The frequencies in this

spectrum are given by

1
il T + JIS/B + JII/Z (3.25)

3.3.4 Homonuclear decoupling

In the spectrum of a complex molecule with many overlapping
resonances, the most highly resolved spectrum possible would be the
proton-proton decoupled spectrum with a single line for each C site.
This is possible in the SHARP experiment with each lire identifying a
particular L3¢ . 1y pair.

The pulse sequence for decoupling the homonuclear proton-proton
interactions is shown in figure 3.16. It consists of two consecutive
4:5:1 ty intervals, as described above, separated by a series of
pulses involving a BIRD 2(62) yhich inverts only satellite
magnetization, leaving non-satellite magnetization unchanged. Since
any satellite proton is normally surrounded by a neighbourhood of non-
satellite protons, due to the relatively low natural abundance of 13¢
or due to the careful selection of enriched samples chosen here, this
type of selective inversion implies proton-proton decoupling for cthe
observed satellite protons. The BIRD pulse has been uescribed
elsewhere and is only briefly reiterated here to demonstrate its
usefulness and describe Llts extension to the case of existing
heteronuclear coherence. In essence, a propagator of the form exp(-

1 .4T) is created by the sequence (x/2)z - 2T - x - 2T - (=n/2)
y 7 ¥

1115145,
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on the protons. Setting 4T = 1/J;4, this propagator acts as a n-pulse
on satellite magnetization, inverting it with respect to non-satellite
magnetization, and hence decoupling the two. The propagator shown in
figure 3.16 is of a compensated form:

exp(-1J1g1,S,.2T) . exp(-iJygL,S_.4T) . exp(-iJygl,S,.2T)
which looks to satellite protons like (1r/2)y (1r)x (1r/2)y and
compensates for incorrect pulse lemgth that is caused by varying Jig
values for different spin pairs. A small complication arises because
of the existence of S-spin transverse coherence. For the BIRD x to
work, this must be transferred to S,. This is achieved by first
fixing the phase of S-spin coherence with a short spin-locking pulse
along x, so that the Sy component dephases, and then applyirg a 90°

pulse along y to transfer S, to § During the proton BIRD m pulse, =w

7
pulses on § preserve the Jyg coupling. At the end of the BIRD n a
90°§ pulse reinstates S-spin transverse coherence.

The results of this experiment are shown in figures 3.13b and
3.15b, whare 4:5:1 and 3:5 ratlos were applied correspondingly in the
evolution periods. 3,15b therefore shows no homonuclear coupling, but

does show heteronuclear coupling - a triplet for the methyl group and

a doublet for the ethyl group, with lines separated by Jyg/4:

T .,
-Fep % /8 (3.26)

W, = W 1

S

3.13b is a homo- and heteronuclear decoupled spectrum and consists of

a single line at each chemical shift position:

W, = w -%w (3.27)
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CHz
a) CHzCHZ0H
Coherence Transfer
CH2
b) Proton Decoupling (with BIRD)
CH3
CH2
o
L 1 ]
-500 o] 500

Frequency (Vg -1/4vy) (Hz)

XBL 854-2005

Figure 3.15

SHARP spectra of enriched ethanol, taken (a) with pulse sequence

3.14, and (b) with the equivalent of 3.16 but with 3:5 intervals

before and after the BIRD «.
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The double quantum 4:5:1 : BIRD : 4:5:1 SHARP sequence, which

leaves no residual coupling.
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As an aside, note in figure 3.17 that an attempt to use the BIRD
pulse without ensuring that the heteronuclear coherence be aligned
along z results in a broad envelope rather than a narrow decoupled
resonance line. This was the result of merely replacing each of the
refocussing # pulses in the 4:5:1 sequence or in the 3:5 sequence by

the appropriate BIRD n pulse.

3.3.5 Properties of the SHARP spectra

The varilous pulse sequences which give SHARP spectra are
summarized In Table 3.1. Scalar interactions, both heteronuclear and
homonuclear, may be observed or decoupled as desired. Although theory
predicts the same relative intensity for all experiments, it is
observed In practice that the 4:1 sequences tend to give higher S/N,

probably being less sensitive to pulse errors.

3.3.5.1 Residual linewidths

The residual linewidths are ~ 2 Hz in the 2 QT echo experiments.
This is due to any or all of the following: (1) recording of absolute
value mode spectra, because of foldover in V- (2) inexact
measurement of the tip of the echo. Using the ratio 4:1 causes an
error of 3 parts in 400, and an increase in linewidth proportional to
AHg(T). (3) diffusion, reducing the echo intensity, proportiomal to
a, (5)2.¢°7) (4) T,-limited linewidths, due to e.g. paramagnetic
impurities. Processes (2) and (3) can be distinguished by a study of

linewidth as a function of AH,.



(a1

D

(b2)

- 5w g ;m
Frequency (Hz)
XBL 8719553

Figure 3.17

(al), (bl) Replacement of the = pulses in figure 3.12 and 3.14
with BIRD n's does not effect homonuclear decoupling, but leaves broad

envelopes. (a2), b(2) are the properly homonuclear decoupled spectra.
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Table 3.1

The various SHARP J-edited spectra
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PULSE DESCRIPTION COMPONENTS OF Vl
SEQUENCE
. . 1 1 1
Figure 3.5 4:1 Vet Zvyty JHH+ Z JCH
Figure 3.9 '4-1 with "S during -V, + 1 v, + L J
. : 1 C 4 "H 4 "HH
the “H evolution
. .s. 1
Figure 3.12 4:5:1 Ye T I VH + JHH
Figure 3.14 3:5 v, - L v, ¥+ J. + 1 J
: ’ Cc 4 "H HH 4 “CH
1
: B .5.1. .4:5- - =
Figure 3.16 .4.5.1 BIRD-4:5:1 ve Z Yu
not shown 3:5-BIRD-3:5 v, - L v, + 1 J
' ' C 4 "H 4 “GCH
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3.3.5.2 Line intensities

In some spectra (e.g. figure 3.13a, 3.15a and the natural
abundance compounds to be described in Section 3.4), the line
intensities are somewhat unquantitative., They depend on r. Also,
proton T;'s are a strong influence, suggesting that full 14 relaxation

did not occur during the recycle delay in some cases.

3.3.5.3 SHARP on unknown compounds

The resonance lines of a SHARP experiment occur at
vy (1) = vg(i) - vyg(1)/4 + X,
where X = duwg - AwH/h.
I1f the proton and carbor, spectra are independently known, the SHARP
spectrum may be calculated up to a constant offset X. If the compound
is completely unknown, it may be suspected by comparison of the SHARP
and 13C spectra (as in figures 3.4 and 3.19), but its proton spectrum

would have to be independently observed to confirm the assignment.

3.3.5.4 Sensitivity and Resolution

Section 3.4.1 calculates that for low S/N, SHARP echo detection
may be preferable to direct 130 detection. It is certainly true that
if a two-dimensional heteronuclear COSY spectrum is required, there is
clearly an advantange to using the SHARP echo in t;. The gain in
resolution is apparert. Figure 3.18 shows some examples of
heteronuclear COSY experiments in which the peaks clearly have a
narrow dimension at right angles to a line drawn at a = tan'1(72/11)
to the w; axis(31), where vy and vy are the gyromagnetic ratios of the

nuclei precessing during t; and t, respectively. Use of SHARP will
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Figure 3.18

Demonstration of a narrow ridge in heteronuclear MQT correlated

(31,68).

spectra, taken from the literature Peaks are narrow along a

ridge at a = ;an'l(yz/yl). .
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bring a to 90°. This is precisely the same principle employed in

SECSY experiments(zo).

3.4 NATURAL ABUNDANCE SAMPLES

The application of SHARP to natural abundance 13¢ samples has
proven straightforward. The overwhelming contribution of non-
satellite proton signal is effectively purged at the beginning of the
pulse sequence using the constant x-decouple discussed in Section
3.3.1.2. One of the most important additions to the pulse sequences
described is the addition of multiple echo sampling during t,, for
improved signal-to-noise (S/N) of weak echoes. Figure 3.19
illustrates the effect by comparing two SHARP spectra on natural
abundance ethanol, one with detection of a single echo, and tha other
with detection of a train of 256 echoes. If the space requirements of
collecting a full 2D data set cannot be met, sampling mulfiple echoes

is a practical altermative to corpensate for indirect detection.

3.4.1 Multiple echo detection

Flgure 3,20 {llustrates multiple echoing. Echoes are detected in
every second interval of a train of « pulses with al:ernating‘
phase(ga'loo). The w-pulse repetition rate must be faster than the
largest interaction in the spectrum so that the echo rephasing is
dominated by the pulse phases and not by rhe intermal Hamiltonian.

For proton liquid state spectra, where chemical shifts of the order of
a few kilohertz prevuil, this corresponds to an interval time of some
hundreds of usec. It may be noted in Figure 3.20b that the echo

sampling points are displaced from the midpoint between pairs of =-
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Figure 3.19

SHARP spectra of natural abundance ethanol 1llustrating the

effect of multiple echoing in t,.
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(b) T T

m HlH
W O

) XBL B610-4075

Figure 3.20

(a) Detection of a single echo after a period of t; evolution.

(b) Multiple echo detection, sampling the tip of every second echo in
a ”x/i train.

(c) Multiple echo sampling using an integrator to sum the signal in
every second Interval. The long TTL pulse from an AUX gate triggers
and maintains the integration. The short TP pulse samples the

recorded value and after a delay resets the integrator to 0.
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pulses by an amount rg = filter delay constant = 1/(2 X filter
width(FW)). The filters should be wide enough to minimize this effect
and also to prevent pulse breakthrough from adding noise to the
sampling.

If sampling'just the first eche in Figure 3.20 gives a signal
magnitude S, then the signal measured for M+l sampled and summed

echoes is given by:

M -k/K
S'" =S T e
k=0

- (1-exp(-M/K)
(1-exp(-K) ’

where At is the time between sampling points, K = Tz*/At = number of
sampled points up to 1 decay constant of the echo envelope. Tz* is
independent of the magnet inhomogenelty, but may fall short of the
natural linewidth T, because of pulse misset or diffusion effects.
Since At << Ty,

S’ = § (l-exp(-M/K)) . K (3.29)

= 0.63 K, wvhen M = K
= 0.95 K, when M = 3K

The S/N enhancement 1s given by J5'/3, and usually lies between 3 and
10. Figure 3.21 shows the S/N by a pair of lines as a function of N.
Comparison between the various curves indicates that integration is
preferable to single point detection of the signal in the intervals

between 7 pulses. This is the subject of the discussion that follows.

3.4.1.1 Single point detection in the pulse windows

Detecting one point in each appropriate interval of a n train

generally requires that FW be larger than in single echo detection.
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e ,mintegrator
o,o filter
0 s . s ; ,
0 100 200 300 400 500
Number of Echoes, M
XBL 869-9476
Figure 3.21

Comparison of integracion (m,e) and single point sampling (O,0)
of a train of echoes on the methyl{(O) and ethyl(e) SHARP resonances of

natural abundance ethanol.
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This introduces noise = square root of the fractional increase in FW.
Figure 3.22 shows the effect of varying the filter bandwidth on
the quality of the signal produced. Here both + and - echoes are
recorded (i.e. sampling in every interval) and the echo envelope is
multiplied by an appropriate exponentially decaying function having
alternate positive and negative values before summation. The best S/N
enhancement is obtained when the filter width is of the order of 1/Ac.
Figure 3.23, parts a and b, illustrate the signal enhancement due
to this method. 3.23a is a single echo sample following a SHARP
sequence on EtOH, natural abundance. In 3.23b, a train of 1024 echoes
were sampled. A factor of 3 in improvement of S/N is observed. There
are a number of experimental factors limiting the enhancement:
1) pulse error bulld-up causing Tz* < Ty;
2) filter bandwidth increase;
3) spectrometer delays causing echo sampling to be misset from the tip
of the echo;
4) detection in 1 buffer only since the second buffer contains phase
transients which build up from subtle inaccuracies in the pulses, and
add only noise to the spectrum. The loss of quadrature information
implies a S/N reduction of /2. To reinstate quadrature, a second
experiment Is required with either the preparatory pulses or the «

pulse train shifted in phase by 90°.

Some of the experimental difficulties may be overcome by using a
sample and hold circuilt which integrates the incoming signal over a
defined interval, with a time constant Tc. The integration precludes

the necessity of determining the tip of the echo, and T, defines the
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Figure 3.22

The effect of variation of the filter bandwidth F, on the signal
produced by single point sampling of a train of echoes. The «n pulses
were spaced by 400 us and the echoes sampled in every interval. The
signal in t, was multiplied by a +/- decaying exponential function

before summing the echoes.
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bandwidth, so that the filters become redundant. Such a device was

described briefly in an early paper on coherent averaging(IOI).

3.4.1.2 Integrated sampling in the pulse windows

Two gated integrator modules were purchased from Evans
Electronics, Model 4130A, for dual channel capability, and installed
prior to the ADC’s with the following specifications. Integration is
triggered by the rising edge of a TTL pulse and discontinued at the
falling edge, with the current value held. A 100 nsec TTL pulse reads
this value and after a 500 nsec delay resets the integrator to zero.
The integrator was modified for variable time constant T, = 1/RC by
varying resistance R and/or capacitance C so that T, could be adjusted
from 1 usec to 5 sec.

Figure 3.20¢ shows the use of the integrator with a = train. T,
is set to be about 1 or 2 times the n pulse spacing so that
integration is occurring in the linear regime. The levelled-off
region of integration is avolded to prevent level fluectuations from
adding to the nolse. The filters are opened wide (1 MHz) to minimize
the echo delay. The effective filter bandwidth is given by 1/T, which
is for liquids in the range of -~ 10% Hz. The result of an integrated
multiple echo sampling in the SHARP experiment In shown in Figure
3.23¢. Here the improvement in S/N is about 3 over the multiple echo
sampling with the filters.

A final example 1s shown In Figure 3.24 which compares a single
echo sample from a SHARP experiment on a natural abundance 13¢

compound with an i1ntegrated multiple echo sampling. The S/N
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Figure 3.23

Comparison of (a) single echo sampling, (b) multiple echo single

point sampling and (¢) multiple echo integrated sampling, on ethanol

SHARP spectra using sequence 3.9.
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enhancement is 10//2 = 7, accounting for the loss of quadrature
information. Since practically no increase in experimental time is
involved in integrated multiple echoing, it is strongly recommended
for experiments in indirect detection.

13

3.4.2 Signal-to-noilse of SHARP vs. [

Part of the §/N impro?emenc of SHARP spectra is due to the natural
linewidths vs. the inhomogeneously broadened 13¢ spectra. This cannot
be quantitated and will be ignored in the following treatment.

Gains in S/N

(1) Initiation and detection of the proton magnetization over straight
13C detection adds a S/N improvement of (71/75)2. (or ;(71/75), cf.
epT(689))

(2) A factor n improvement occurs for the number of protons in the

group IS representing one 13

C site (true only for J-y and Jyy
decoupled SHARP spectra.)

(3) Multiple echo sampling adds a factor § Y

k=0 °©
(4) Finally, we add a factor JTI/TS to account for the difference in

recycle delay T required when sampling I spins compared to S spins.
This gilves a total improvement in sensitivity of

2
Y o
1 )R .
[;;] () kgo e [T/T; =300 - 400 (3.28)

(or ~100 cf. INEPT)
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Figure 3.24
The effect of multiple echo integrated sampling on the SHARP
spectrum of natural abundance ethanol recorded with sequence 3.12.

(a) 1s a single echo detection, (b) a multiple echo detection.
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enhancement is 10//2 = 7, accounting for the loss of quadrature
information. Since practically no increase in experimental time is
involved in integrated multiple echoing, it is strongly recommended
for experiments in indirect detection.

3.4.2 Signal-to-noise of SHARP vs. 136

Part of the S/N improvement of SHARP spectra is due to the natural
linewidths vs. the inhomogeneously broadened 13¢ spectra. This cannot
be quantitated and will be ignored in the following treatment.

Gains in S/N

(1) Initiation and detection of the proton magnetization over straight
13¢ getection adds a S/N improvement of (71/75)2. (or ~(v1/vg), cf.
epT(83)) A

(2) A factor n improvement occurs for the number of protons in the
group I.S representing one 13¢ site (true only for Joy and Jy,

decoupled SHARP spectra.)

(3) Multiple echo sampling adds a factor j_g_——TE7E
e ..
k=0 =

(4) Finally, we add a factor JTI/TS to account for the difference in

recycle delay T required when sampling I spins compared to S spins,

This gives a total Improvement in sensitivity of

2.
v -
[;Z] (n) Ikgo oKX T,/Tg = 300 - 400 (3.28)
S

(or ~100 cf. INEPT)
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Figure 3.24
The effect of multiple echo integrated sampling on the SHARF
spectrum of natural abundance ethanol recorded with sequence 3.12.

(a) is a single echo detection, (b) a multiple echo detection.
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Loss in S/N

(1) The total experimental time is increased by N over direct
detection, where N is the number of points required in the FID. This
results in a reduction of S/N by /N.
.For a resolution of 1 Hz/point, N = Spectral Width, typically 10000

Hz, implying a S/N reduction of 100.

3.4.3 Examples of natural abundance spectra

3.4.3.1 Sucrose

A fairly high Fesolution proton spectrum of sucrose is shown in
figure 3.25 with assignments(loz). The 4:1 decoupled SHARP spectrum
was recorded using the Iintegrated multiple echo method of Section
3.4.2, 1t 1s shown compared to the ly decoupled 3¢ spectrum in
figure 3.26. The assignment of the SHARP spectrum is easily
determined using equation (3.20).

Some important features occur In this spectrum. The ordering of
the SHARP and L3¢ signals 1s identical. This occurs because of
similar ordering of the proton resonances, and because the small ppm
shift range of protons has hardly any effect on the SHARP spectrum.
The relative line intensities correspond very closely to the proton
spectrum, not the L3¢ spectrum. This implies that the SHARP spectrum

is proton Tz (or Tl) limited.

3.4.3.2 Camphot

The proton spectrum of camphor is shown in figure 3.27, with

(103}

assignments The inhomogeneously broadened 1H-decoupled L3¢
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Figure 3.25

1H spectrum of sucrose.
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Sucrose

(a) 3¢

(b) SHARP echo
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XBL 871-9548

Figure 3.26
13¢ and SHaRP spectra of sucrose.
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spectrum and the SHARP spectrum appear in figure 3.28. The same
characteristics of peak positions and intensities occur as in the
sucrose experiment.

The inequivalent protomns at each C site can be easily identified
in the SHARP spectrum, The pair splitting in ppm of peaks d, e and g
is exactly identical to the ppm splitting in the lH spectrum. These

two spectra can be cross referenced for assignments.

3.5 SHARP WITH A SURFACE GOIL

One of the difficulties in surface coil or volume selective NMR is
shimming the field in the region of intorest{10%)  The difficulty may
be intrinsic, i.e. due to the sample itself(los), or may be
experimental: usually spatial selection is the result of a series of
phase cycled FID'S(106'7), so that shimming on individual FID’s is
inappropriate. Linewidths of the order 1/2 - 1 ppm are typical.

Measuring SHARP echoes is a means of circumventing the problem.

It may also provide an answer to the question of whether the
inhomogeneously broadened spectra typlcally observed in vivo are
inherent or the result of local susceptibility gradients.

As a preliminary investigation, we have shown that SHARP sequences
can be applied using surface coils(loa), despite the notoriously poor
rf homogeneity(log'll). In fact, the inhomogenelty of the rf enables
SHARP to also be used as a spatially selective sequence. Figure 3.3
was taken with a single turn 1 cm diameter surface coil and a bulb of

13C-enriched ethanol 2Zmm on axils from the coil. Note the narrow

25%
lines and greatly enhanced sensitivity of this method over direct

detection of L3¢ in an inhomogeneous magnet.
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Figure 3.27

1y spectrum of camphor.
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Figure 3.28

13¢ and sHarP spectra of camphor.



127

Figure 3.29 shows that SHARP inherently exhibits some spatial
selectivity. Two capillary tubes, containing alanine and ethanol,
were placed at 2 and 4 mm from the surface coil. Figure 3.29a shows
the 13¢ spectrum after a single pulse. It is nomn-selective and poorly
resolved; resonances from both Eubes appear, but the methyl groups on
alanine and ethanol are not separated. Figures 3.29b, ¢, and d are
SHARP spectra. The spectrum in 3.29b is non-selective, and was
obtained by setting the pulses in figure 3.9 for a point half way
between the two tubes., Spectra 3.29c¢ and d were obtained by setting
the pulses for the first and second tubes respectively; distinction of
the contents of the two tubes 1llustrates a spatial separation of high
resolution.

Thus SHARP yields high resolution spectra which are easy to
interpret, and which can be combined with methods of accurate spatial
selection designed for heteronuclear systems(llo'llz). It should
therefore prove a useful addition to topical NMR. The two-quantum
pulse sequences of Sectlon 3.3.2 - 3.3.4 can retain or remove
heteronuclear or homonuclear couplings or both, providing additional
information and resolutionm. Background water does not interfere,
since it has no heteronuclear coupling. The technique could be used

13C, 15N, or for

for natural abundance studies of isotopes such as
following the metabolic pathway of specifically labelled compounds

such as lactic acid, glucose or drugs.
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Figure 3.29

Surface coil selectivity experiment on two capillary tubes. The
first coil contained 3ul of 508 2-13¢ ana 50% 3-13¢ enriched alanine,
the second constained 2ul enriched ethanol (25% 1-13C and 2-130 on
different molecules). (a} 13¢ spectrum with 10ms proton presaturation
and proton decoupling, (b) SHARP spectrum, pulse times intermediate
between A and B. (c) SHARP spectrum, pulse times set for A, (d) SHARP

spectrum, pulse times set for B.



129

CHAPTER 4

Two-Dimensional and Multiple Quantum NMR in Liquid Crystals -

Determination of Dipole Coupling Constants

Calculation of Molecular Structure

In this chapter, 2-D NMR and multiple quantum NMR are used for
the determination of the dipole coupling constants of molecules
dissolved in liquid crystals. Section 4.1 briefly introduces a
technique we call CRASY, by which molecules are randomly deuterated
and examined spectroscopically for the identification of all coupling
constants. Sectlon 4.2 gives a background into the usefulness and
limitations of using liquid crystals in NMR. Sections 4.3 - 4.5
describe the tools necessary for approaching real examples by CRASY.
The cases of benzene and hexane are often referenced as examples.
Section 4.3 describes the theory of random isotopilc labelling and
isomer enumeration. Sectlons 4.4 and 4.5 detail the spectroscopic
method and information content of 2, 3 and N spin single quantum and
multiple quantum spectra. Section 4.6 gives an example of CRASY on
benzene. Section 4.7 shows the method on n-hexane and goes on to
describe an interpretation of the dipaole coupling constants in terms
of the conformation of the hexane chain in solution. Section 4.8

discusses the merits of the technique and its future application.

4.1 Introduction
The importance of ascertaining the values of the dipole coupling

constants lies in their relatlon to molecular structure and
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conformation{®+7)  The liquid crystalline phase provides an
anisotropic enviromment in which (partially averaged) intramolecular
dipolar and quadrupolar interactions can be measured, whilst
inter@olecular dipole couplings are eliminated, To date, many of the
conformational studies on alkyl chains and flexible molecules have

been restricted to analysis of the deuterium quadrupole spectra(7’113'

121) o 13¢ chemical shielding tensors(112'13), which describe local
segmental order. On the other hand, the use of dipole coupling
constants has been very limited. Inherently, dipole coupling
constants describe both segmental and intersegmental order, providing
a much more complete description of molecular conformation. The main
reason for their limited use is the extreme complexity of dipolar
spectra of molecules beyond a certain size and lack of symmetry -
typically 8-10 protons in an acyclic system. The number of lines in
the spectrum grows In an exponential way with the number of protons N.
The number of dipole couplings grows quadratically with N. Spectra
become not only rapidly intractable, but have many redundant
transitions.

The key to solving a complex dipolar spectrum for its dipole
coupling constants is to remove this redundancy. We do so with a
technique we call CRASY, which stands for Correlated RAndom label
SpectroscopY. It is a simple and direct process whereby all of the
dipole coupling constants of a given molecule can be read off
essentially from a single experiment. It Is based on random labelling
of a complex molecule to a level which reduces each individual
molecule in the sample to a small spin system having just 2 or 3

protons. Such a spin system Is analytically tractable, once it is
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isolated. A spectroscopic method is developed to separate the

constituents of the isotopic mixture.

4.1.2 CRASY: Correlated Random Label Spectroscopy

CRASY is described by figure 4.1. CRASY consists of two
experimental steps:
1) Random Labelling

The first step is isotopic substitution, a common prodecure for
simplifying a spectrum(lza's). CRASY requires random labelling
(deuteration), yielding a statistical mixture of partially protonated
molecules, The level of deuteration is chosen high enough so that
mainly 2 and 3 spin molecules abound. Such a mixture will give a
complicated spectrum - so that the problem seems to have been
compounded (see, for example, figures 2.3 and 2.4). But actually, a
large network of multiply strongly coupled spins has been broken up
into small sub-networks, and a representation of the whole molecule
exists in components in the mixture. If the spectra of the individual
components can be separated, they may be simply analysed. The method
is synthetically less demanding than specific labelling. It also need
only be done once.

Random deuteration has been used before in the analysis of the
spectra of various cyelic compounds(lzs'a). -
2) Spectroscoplc Filtration

Step 2 is clearly to separate the spectrum of the mixture of
different isotopomers into individual sub-spectra. Two-dimensional
(17,18,80,82)

(2-D) MQT - filtered correlation spectroscopy is used,

whereby peaks arising from selected molecules in the mixture can be
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A schematic description of the CRASY experiment. A large
molecule gives a complex single quantum spectrum. Random labelling
produces a mixture of simﬁler molecules, still with a complicated
spectrum. MQT filtered COSY leads to spectroscopic separation of che

individual components of the mixture, each with a simple spectrum.
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easily identified. In what follows, we chemically and
spectroscoplcally select for pairs. Each subspectrum can thus be very

easily interpreted.

The complexity of the problem has changed from one defined by the
number of coupled spins to the number of sub-necworks. The latter .
will be seen to be an easier problem to handle. By choosing pairs, we
create the simplest possible situation. However information on the
connectivity between pairs is lost. We will also show how 3-spin
spectra or MQT NMR can provide the exact connectivity, unique down to
the exchange of two identical vertices. Thus, the assignment of the

dipole coupling constants is complete.

4.2 BACKGROUND

Nﬁk of molecules dissolved in nematic liquid crystals was first
demonstrated in 1953 using benzene dissolved in 4,4'-di-n-
hexyloxyazoxybenzene(129). A complex narrow line spectrum was
obtained. This was the first demonstration of the free translational
motion and restricted rotational motion of a solute molecule in a
liquid crystal host. Many solutes have been studied(6’7'125'32), but
only in a few éases of small rigid molecules or highly symmetric ones

could dipolar information leading to structure determination be

obtained. The problems are two-fold:

4.2.1 Spectral Complexity

Figure 4,2 shows the increase in complexicy of dipolar spectra

with molecular size. For an asymmetric molecule with N protons, the
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Figure 4.2
Proton NMR spectra of (a) acetaldehyde, (b) benzene, (c)
cyclopenten2, (d) n-hexane, (e) cyclo-octane, showing the increasing

complexity with increasing proton number.
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2N

number of one gquantum transitions is CN-I(BS)' This number

increases exponentially with N as ~ 5N o 1/ / JINx (58)  For example,
for N = &, there will be 11440 transitions, usually lying within a 15
KHz bandwidth., The result {s an intractably complex spectrum, with
many overlapping lines from which frequency information cannot be
readily obtained. Symmetry will cause multiple degeneracies and a
considerable reduction in thé number of transitions. An 8-spin system
with Cyp, symmetry has 2860 expected transitions(133). This is still a
very large number; in gemeral, éor N = 8, symmetry is not enough to
completely resolve the spectrum. In a flexible molecule, additional
problems may arise when symmetry that may be defined for onme rigid

conformer no longer exists after conformational change, or when

molecular motion broadens the resonances.

4.2.2 Interpretation Problem

Each NMR - measured dipole ccupling constant is the projection of
the desired internuclear dipole coupling constant onto the z axis of
the laboratory frame. The relative orientation of the laborarory
frame and the internuclear axis is unknown. In the case of a rigid
molecule, each internuclear vector can be specifically related to an
overall molecular frame, The unknown orientation parameters then form
the order tensor matrix, which defines the average orientation of the
solute with respect to the liquid crystal director (and the static

field). Equation 1.32 can be written:

2
Pijzz =3 uzﬁsuﬁDi_jnﬁ (4.1)



136

a,B are summed over the molecular aves 1,2,3. Dijaﬂ is the af
component in the molecular frame of the dipole coupling constant
between nuclei i and j, and Dijzz is the z-component in the direction
of the field. Dijaﬂ is given by equation (1.30).

Saﬂ is the af component of the order tensor in the molecular frame,
and is given by equation (1.17). It is a time-average over molecular
reorientation.. The order parameter is a symmetric traceless temsor,
with 1p to 5 independent elements. Molecular symmetry plays a role in
determining the number of non-zero elements (Section 1.9), and
therefore the number of dipole coupling constants needed for equation
(4.1) to be soluble. Because of the form of the equation, it is only
possible to solve for ratios of internuclear distances, and not for
exact distances(7).

In a non-rigid molecule, the problem is compounded because the

orientation of the internuclear vector with respect to the molecular

frame is not rigidly defined. Equation (4.1) now becomes:

2
Pijzz = 3 o™ SapPljap” (+.2)
where Dijzz is now the result of both interpal and orientational
averaging. For a fixed number of conformational states, this equation

may be written:

2 n n
-3 D (4.3)

Dijzz £ Py o2 Sag Dijop

P, 1s the probability of conformer n occurring, and a sum over all
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conformers produces the required average.

From equation (4.3) it is no longer possible to find the
molecular structure. The set (pn) and S must be defined and yet they
cannot be separately determined, since they appear as a product Py X
Suﬂn in equation (4.3). To solve for the average structure of a
flexible molecule, approximations must be made or a molecular field

theory invoked.
With these problems in mind, we turn our attention to a full
description of CRASY as, at least, a partial solution for intermediate

sized molecules.

4.3 RANDOM DEUTERATION, SYMMETRY AND ISCMER GOUNTING

We define for convenience a few terms with respect to an
arbitrary molecule containing carbon, Hydrogen and deuterium.

' Isomer: One or more molecules with the same formula (G H D ), but
differing in respect to the arrangement or configuration of the atoms.
Isotopomer: An isotopically substituted molecule, G H D , defined by
m. A distribution of isotopomers results from statistical
deuteration. )

Stereo-position isomers: The set of all isomers including isomers
related by a mirror plane (enantiomers).

NMR isomers: The set of all isomers excluding the distinction between
enantiomers.

Position isomers: The set of all isomers in CLH, Dy formed by

distributing m protons over n sites with only one unique proton

occupancy per site.
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4.3,1 Random Deuteration

The effect of random deuteration on a molecule is to produce a
statistical distribution of isotopomers as shown in figure 4.3. The
probability of finding m protons and N-m deuterons is given by a

binomial distribution:
p(m) = aVP(1-)™ [:] 4.4

where d is the fraction of deuteration and N is the total number of
protons and deuterons in the molecule. This distribution depends on
N. Shown in figure 4.3 are curves ?or N=6 and N=14 for a 66% and 83%
deuterated sample respectively. Examples will be given later with
benzene and hexane. In CRASY, two proton systems are maximized by
adjusting the deuteration level. It need; to be higher for higher N.
The deuteration levels of 66% and 83% were chosen to illustrate high 2
proton intensities,

For each isotopomer, the number of isomers is defined by the

(134 are necessary for

symmetry of the molecule, Counting schemes
evaluating the number of isomers, and hence the feasibility of using
random deuteration as a simplifying step. It is also important to
count the number of transitions in the one quantum spectrum of the

parent molecule to estimate the advantage of using statistical

deuteration over direct spectral analysis.

4.3.2 TIsomer count

Balasubramanian has derived a method(13h) for the determination
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Figure 4.3

The fraction p(m) of m protons remaining in (a) a 6 proton
molecule, 66% deuterated, and (b) a 14 proton molecule, B83%
The curves are calculated from equation (4.4) in the

deuterated,

text.
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of the number of isomers of a compound C H v . for any m. He
describes the symmetry of the compound by its permutation group or
wreath product, and shows methods by which the cycle index of the
wreath product can be calculated. The cycle index taked the form of
an equation which has terms in amﬂN'm. The collected coefficients of
such a term give the number of isomers of G H Xy .. Balasubramanian
identifies the different types of isomers listed above by different
wreath product symmetries assigned to the molecule for each case. For
example, in hexane:

CZ[C3’EZ'E2] is the permutation group for all stereo-position isomers
ConlCq.Ep,E;] is the permutation group for all NMR isomers,

$,(83,8,,85] is the permutation group for all position isomers.

In benzene, the count of the number of isomers im GgH D, - is
straighforward. It is shown in Table 4.I. The table can be derived
using the cycle Index method stated above. The combinatorial isomer
count shown has no bearing on the number of subspectra to be expected
for a given value of m, but is important in determining the intensity
‘of the subspectra (equation 4.4),

Table 4.1 also gives the fraction of each lsotopomer in 66%
deuterated benzene, the fraction of each unigque m-proton isomer, and
the Intensity expected for a single line in each case.

For the alkane chains, Balasubramanian has derived equations for
the cycle index of each of the three isomer types(135). Computer
programs based on these egquations have been written which can

calculate the number of stereo-position isomers, number of enantiomer

palrs and number of position isomers of an alkane Coln¥on+2.m» 8iven n

ot
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Statistical data for benzenme CgH Dg .
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m 0 1 2 3 4 5 6
Combinatorial| 1 [ 15 20 15 6 1
Isomer Count
NMR Isomers 1 1 3 3 3 1 1

66% deuteration
p(m) .083 .256 .329 .226 .087 .018 .002
p (unique 083 256 .110 .075 .029 .018 .002
isomer)
. —  .256 .055 .0083 9.100% 2.107% 3.107°

1 Galculation of intensity per line uses:

2 lines

9 lines

32 lines

108 lines

76 lines

/2 1y isomer
/ 3-14 isomer
/ 4-1H isomer
/ 5-14 isomer

/ 6-1H isomer



(see Appendix C). The count for hexane is given in Table 4.11 and
illustrated in detail for CgH,Dy, in Table 4.1II. There are 16 NMR-
distinguishable ways that a pair of protons can be substituted on n-
hexane, 38 ways that three protons can be placed and 86 ways that four
protons can be placed. Table 4.II details the fraction of m-proton
isotopomers and unique isomers for an 80% deuterated n-hexane sample,
and gives the approximate intensity for a single transition in each
case. The NMR spectrum of the isotopic mixture will consist of three
subspectra of one proton substituted molecules in the highest
intensity, 16 subspectra of two proton molecules at 10'1 of the
intensity, 38 subspectra of three proton molecules at 1072 of the

intensity and 86 four proton subspectra at 10'3 of the intensity.

4.3.3 Line Count

Next, we evaluate the number of tramnsitions in the NMR spectrum
of the parent molecule. Traditionally, this is calculated from the
point group of :the molecule. The number of states in each
representation can be counted, and hence the number of expected
transitions of any order AM. The states of each representation are
given for benzene in Table 4,1v(58) There are 76 ome quantum lines
in the spectrum of benzene. Figure 4.2(b) shows this spectrum. Note
from Table 4.1 that the set of all 2 proton isomers will give a
spectrum containing 6 lines, with the intensity of each line occurring
at 4.2 of the intensity of a single line in 100% CgHc. This factor is
not large, owing to the high symmetry of benzene. In the example of
hexane showm below, it is much more significant.

n-hexane, as a flexible molecule, cannot be easily assigned to a



TABLE 4.11

Statistical data for hexane CgH Dy, .
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m 0 1 2 3 4 S 6 7
Combinatorial| 1 14 91 364 1001 2002 3003 3432
Isomer Count
Stereo- 1 5 26 70 156 251 345 372
Position
Isomer Count
NMR Isomer 1 3 16 38 86 133 185 196
Count
Position 1 3 12 26 53 78 105 110
Isomer Count

(80% deuteration)
p(m) .044 .154 . 250 .250 172 .086 .032 .009
p (unique 046 051 016 .0066 002 6.10°% 2.107% 5.107°
isomer)
1t —  .051 .004 5.10°% 6.107° <10°® <1076 <1076
1

4 lines / 2-1H isomer
12 lines / 3-lH isomer
32 lines / A-lH isomer

>100 lines / 5-1H isomer

calculation of intensity approximate, using



TABLE 4.111

Isomer enumeratlion in 2-1H hexane

hexane-d, 5 total stereo-isomevrs NMR isomers position
count isomers
(only 1H 1402 optical pairs 1 for each
indicated) in brackets structure
W 6 1 1 1
2 1 1 1
LAV AV 9 1 1 1
‘Y\/\ 12 2({1pr) 1 1
W\ 12 2(1pr) 1 1
-'\/Y\ 12 2(1pr) 1 1
'M 12 2(1pr) 1 1
\/\/\ 8 4(2pr) 2 1
W\ 8 4(2pr) 2 1
W\ 4 3(1pr) 2 1
\/\/\ 4 3(lpr) 2 1
91 26(10 pr) 16 12

144
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TABLE 4.1V
Benzene energy levels
M A A B B E *2 E *2
1 2 1 2 1 2
-3 1
-2 1 1 1 1
-1 3 1 1 2 3
0 3 0 3 1 3 3
1 3 1 1 2 3
2 1 1 1 1
3 1

t

position isomers
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point group. The conformational distortions can however be considered
to occur symmetrically about the all trans conformer, resulting in
average C,, symmetry. With this interpretation, about 60000
transitions are expected in the 1 quantum spectrum. This calculation
does not include degeneracies caused by free rotation of the methyl
groups, but even so, the spectrum is intractably complex, as shown in
figure 4.4.

A lower limit on the number of lines may be calculated by
determining the number of A; transitioms. In fact, the number of &)
states in a manifold with m spins up and 1 spins down is equal to the
number of inequivalent spins in the isomer CnHmX1(136). This is
exactly the number of position isomers, which have already been
calculated. Table 4.V gives the A states of n-hexane. From it, we
calculate 28106 one quantum transitions. This is a minimum number,
because transitions of other symmetries also occur.

We compare the nuhber of transitions in the one quantum spectrum
of hexane to the number of lines in the spectra of all two-proton
isomers. There are at least 28000 one quantum transitioms, and < &4 X
16 = 64 lines! from two proton isomers, a vast reduction in
complexity. The intensity of a single line from a two proton molecule
in 80% deuterated hexane will be at least 115 times greater than a

single line in 100% CgHy, .

4.3.4 Note on random deuteration as a filter

Isotopomers having four or more protons will give spectra of such
low relative intensity that they may be disregarded. For example, in

66% deuterated benzene and B0% deuterated hexane, a line from a 4
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Figure 4.4
The one quantum spectrum of n-hexane in the liquid crystalline
phase EK 11650; taken with the Hahn echo sequence n/2-7/2-n-7/2, 7 =

2ms. 500 shots were recorded at a recycle time of 7.5s.
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Energy levels of hexane

H

A, States

12
26
53
78
105
110
105
78
53
26

12

TABLE 4.V
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Total States

16
38
86
133
185
196
185
133
86
38

16
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proton isotopomer will be less than 2% as intense as a line from a 2
proton isotopomer. This is an extremely important result of random
deuteration. A low pass filter for m has been generated
(spectroscopically very difficult to do) and the more complex spectra
of higher spin systems have been eliminated. At the same time, the
information available from higher spin systems is still present, since
the random nature of the deuteration implies that all dipole coupled
pairs are represented in the combined subspectra of 2 and 3 proton

isotopomers.

4.4 SEPARATION OF THE COMPONENTS OF THE MIXTURE

2-D correlated spectroscopy (COSY) is the obvious choice in
separating the components of an isomeric mixture(18,137) Signals
arising from the same molecule are correlated in the two domains
because of the Intramolecular coupling. Fine selection of only
certain components may be obtained by using a multiple quantum filter.
For example, figure 4.5 shows the distribution curve for a 75%
deuterated 10 spin molecule. Statistical probability effectively
removes all molecules having 4 or more protons. A two quantum filter
removes all molecules having less tham 2 protons from contributing to
the final signal. It can be designed to eliminate signal from 3
proton molecules as well. Thus a 2-D double quantum filtered GCOSY is
a well-tuned narrow band filter which selects for and identifies all

AB coupled pairs in the statistical mixture(lja).
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Figure 4.5

The statistics of isotopomer and isomer probabilities in a 75%
deuterated 10 spin molecule. (a) shows the isotomer fractions p(m) as
a function of m. (b) shows the statistical selection of isomers,
based on intensity, which tends to zero at about m = 4. (c) shows thé

selection of a band around m = 2 (and/or 3) by two-quantum filtered

spectroscopy.
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4.4.1 AB Spectra

One dimensional AB spectra have been described in sections 1.4.1
and 1.5.1. In 2-D, the line splittings remain the same, with diagonal
and cross peaks forming square patterns. The dipole coupling
constants can be easily read off from the size of the square.

Figure 4.6 illustrates schematically the expected two dimensional
COSY patterns for (a) A2, (b) AB, (c) AB with an echo in £y, and gives
the frequencies and intensities. Figure 4.6 is drawn for strong
coupling, i.e. lDl >> C. These spectra are calculated from a two-

quantum filtered COSY experiment(80’82) taken with the pulse sequence

T " "1 "1 "
[’i]y' & - [5] L e [5] "5 (4.4)

(or the equivalent with a x in the centre of cl). The effect of the
two quantum filter is produced by zeroing all but the two quantum
coherence in the density matrix at r; = 0. Note that there is no
resultant evolution of an AB system during the 7, period with a
refocussing 7 pulse, so it may be ignored altogether in the
calculation During the experiaent, however, the 71 period is very
lmportant for the selection of two-proton isomers on1y<82).

In the calculated spectra, lines appear antiphase with respect to
J and D and in absorption mode. 1In the actual experiment, there is an
additional delay r, after the third pulse (see mext section) to allow
for decay of the solvent magnetization. The result is an additional
phase modulation which leaves lines with phas.s depending on J and D.

The spectra recorded were therefore in absolute value mode.
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Fipure 6.6

Schematic A, and AB two dimensional spectra calculated for
various pulse sequences (see text). (a) and (b) are two-quantum
filtered COSY-type spectra of an A; and an AB spectrum, calculated
from pulse sequence (4.A). Open circles are negative and closed
circles positive intensity. In (2) all lines have equal intensity.
In (b), the intensities of the 4 peaks in one quadrant are (working
clockwise from the cormer): (1-sin26)Z, (1-sin®29), (1+sin26)?, (1-
sin220) (c¢) is a two-quantum filtered refocussed COSY AB spectrum
(sequence (4.A) with a » in tl). Intensities in one quadrant are
given by (working clockwise from the corner): (1-51n20)251n20,
2cos220(1-sin26), (1-sin®26)sin26, (1+sin2)2sin26, 2cos220(1l+sin2é),

(1-sin228)s1in26.

For figures 4.6 and 4.7, V = (uA+vB)/2; vy = (J+D)/2 + C/2, vy =

(J4D)/2 - €72, € = (&2 + (@-D/22)1/2, can2g = (3-D/2) /80,

153
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Figure 4.7

A two-quantum vs., 1 guantum correlation spectrum calculated from
pulse sequence (4.B). The line intensities are given by (1) (1-
sin26)K, (2) (1+s5in2f)K, where K is a phase factor depending on J and

D.
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Another two dimensional method used for the evaluation of the
dipole coupling constants was the INADEQUATE experiment(39’139'40).
Along the two quantum axis, signals appear at the sum of chemical
shifts, v,+vp. Along the one quantum axis, the normal AB spectrum is
obtained. The schematic form of such a spectrum is shown in figure
4.7, together with the frequencies and intensities. It is calculated

for the pulse sequence

9,6, 0, -
¥y y x

with the two quantum preparation presumed to operate with no chemical
shift (in the experiment a refocussing 7 1s used during r), and with
only double quantum signals followed through t,. Note that this
spectrum is not generally phaseable, with the phase of individual AB
patcerﬁs depending on a complex combination of D and J. To obtain
absorption mode spectra, a time - reversal sequence could be used for

a7

two quantum excitation

4.5 ASSIGNMENT QF THE CQUPLING CONSTANTS

The line-splitting of each AB pattern gives the dipole coupling
constant between protons A and B. The chemical shift of each AB
pattern, ;AB' can be used to identify the position of protons A and B
in the molecule, in the case where the protons have distinct chemical
shifts. All possible AB pairs exist with equal likelihood in the
mixcture. Thus, all dipole coupling constants (and possibly site

assignments) can be obtained by reading the 2D correlated spectrum.
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The result of such an analysis is a set of magnitudes of all the
dipole coupling constants and perhaps assignments to carbon atoms, if
the chemical shifts permit distinction. Specific assignments to exact
protons and sign assignment is not possible from AB spectra. The
tensor nature of the dipole coupling does not permit a plausible
assignment based on relative magnitudes, as is the case with scalar

coupling. The information is a prerequisite for structural analysis.

4.5.1 2,3 and N-spin spectra

4.5.1.1 The missing information in 2-spin systems

Figure 4.8 illustrates the missing information in an hypothetical
two-dimensional molecule with four protons. Figure 4.8(a) depicts the

six measured D Figure 4.8(b) shows their indirect relationship

ijzz*

to Dij and internuclear distance:

Dijzz - Dij' R (4.5)

A curve of R vs. # 1s shown and an internuclear vector Dij drawn from
origin C to the curve R in two possible orientations and lengths. 1In
both cases, the same absolute value of 'Dijzzl is obtained, but their
sign is different. This shows how sign is important in restricting
the possible orlentation of Dij‘ Note, however, that the same
projection lDijzzl could be obtained by changing the length of Dij

almost arbitrarily and adjusting the angle(s) # accordirngly to get the

right projection along z. Measurement of D, sets constraints on

ijzz
the minimum size of Dij and the upper limit is defined by the minimum

internurlear distance (here chosen as 1 A):
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(8) 6 Dij2z

Figure 4.8
XBL 861212877

Measurement of the dipole coupling constants in an hypothetical
4-spin two dimensional molecule. (a) The 6 experimental Dijzz' (b)
Graph of R = (1-3coszo)/2 as a function of #, the angle between the
internuclear vector and the z-axls. Internuclear vectors drawn from C
to different locations on R illustrate two orientations and lengths
which give positive and negative Dijzz of the same magnitude. The
shaded area corresponds to all orientations for which Dijzz is
negative. (c) 3 out of many possible coupling networks which could
describe the molecule. The only restriction on the networks 1is that
the sides of the triengles must be at least as long as the
corresponding measured Dijzz' The upper limit on the length is

defined by the minimum internuclear distance (see text).
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< 120 KHz

A
o

Dijzz +ve 2Dijzz ij
Dijzz -ve : Dijzz < Dy, = 120 KHz, (4.6)

Figure 4.8(c) shows some examples of possible combinations of the
6 Dij connecting the four vertices with each other. Three networks
are shown, but there are an almost limitless number of possibilities,
because the sides of the triangles can be "stretched" almost

indefinitely to fit different patterns. The study of AB systems gives

no indication of how the coupling constants must be joined together.

4.5.1.2 3 Spin Systems
Some of the missing information can be obtained from studying the

one quantum spectra of three spin system5(128>. Each 3 spin system
defines one of the triangles in our coupling metwork. The frequencies
are determined by linear combinations of dipole coupling comstants;

for example in the weakly coupled limit AMX by

- va X (Day £ Dpy)/25 - vy 2 (Dyy % Dyy)/2; - vy £ (Dyy % Dayl)/2
— (4.7)

This is a spectrum of 3 doublets of doublets. Suppose diagram I in
figure 4.8(c) was correct. A three spin system would then exist with
frequencies corresponding to triangle ABC at

- va 2 (Dy £ D5)/2: - vg * (Dy £ D,)/2; - vg = (D, % Dg)/2
However, a spectrum with frequenciles at

- va t (D) £Dg)/2; - vg* (Dy X D,)/2; - vg t (D, £ Dp)/2
will never occur because the coupling constants Dp,D, and D, span four

vertices and do not form a closed triangle. The absence of such a

spectrum among the three spln systems would immediately discount
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solution 4.8(c)-III, for example. In a strongly coupled system, the
same principle holds, independent of the existence of chemical shifts,
although the frequencies are not a simple linear combination of
coupling constants. The solution is unique up to exchange of two
identical vertices, under which the Hamiltonian is invariant. By
identical vertices is meant the same chemical shift and the same set
of couplings emanating from each vertex. The solution is also sign
specific; one incorrect sign will affect many of the calculated
frequencies of the three spin spectrum. However, it 1s insensitive to
an inversion of all signs.

The final step 1s not complete until the network is moved onto
the moiecule and the vertices assigned to atoms. This is not a
trivial problem, but in a real molecule is usually possible by making
one or two reasonable assignments. For example, 1f we know the
assignment of couplings 2 and 4 in figure 4.8(c)-I, then vertices
A,B,C and hence D are automatically specified. Knowing only coupling
2, however, will not allow us to unambiguously define which atom is C
and which is D. An example of the use of 3-spin systems in assignment

will be given for benzene in Section 4.6.

4.5.1.3 N Spin Systems

We extend the concept in Section 4.5.1.2 to the general case of
the (N-2) quantum spectrum of an N-spin molecule. The N-quantum
spectrum contains only chemical shift, = vi. The (N-1)-quantum
spectrum has N pairs of lines, since there are N ways of selecting (N-
1) protons out of N, and the local field of the Nth atom causes a

doublzt(136). Similarly, with the (N-2)-quantum spectrum, the
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resonance frequencies of (N-2) coherent protons are defined by the
local field of the remaining two. In the weak coupling limit (if it

existed), the spectrum would consist of N(N-1)/2 quartets, each given

by

M
(4.8)

ki 1i

ik, 1 vk, 1 w1

'
M2
<
I+
N+
o
I+
[SIe
M2
()

k,1, the protons not in the coherent set, can be chosen in N(N-1)/2
ways, hence generating the whole spectrum. It is exemplified by the
one quantum spectrum of the weakly coupled 3 spin system AMX in
equation (4.7), which consists of 3 quartets. In the strongly coupled
spectrum, the same principle applies, with a more complex combination
of the dipole coupling constants., N(N-1)/2 quartets can be expected
in general. In hexane, the G,y symmetry reduces many quartets to
triplets, because many palrs of protons are related by a symmetry
operation(IBG). In addition, there will be a highly degenerate
transition at the centre of the (N-2) quantum spectrum, resulting from
a flip of all spins between the manifolds M = N/2-1 and M = -N/2+1.
This transition is forbidden in the directly detected one quantum

spectrum of a 3 spin system.

The same sign and connectivity information is available from the
(N-2) quantum spectrum as from the study of 3 spin systems. The two
are in fact equivalent. When N > 3, the frequency of each line
depends on a combination of more than two coupling constants, in fact

of 2(N-2) of the N(N-1)/2 coupling constants. The multiple quantum



spectrum is extremely sensitive as a whole to a change in just one
coupling constant. Only selected 3-spin spectra will be sensitive to
a change in one dipole coupling constant. For hexane, it easier to
study one well-resolved multiple quantum spectrum than to study the 38

three-spin subspectra of randomly deuterated n-hexane.

4.6 BENZENE
The techniques of sections 4.3 - 4.5 were initially applied to

benzene as a test molecule(138).

4.6.1 Experimental

Randomly deuterated benzene was prepared by room temperature
exchange of benzene with 85% sulphuric acid in Dy0. A 33% deuterated
sample was selected from the reaction of CgHg with D;50,. An 80%
deuterated sample was made from GgDg with HyS0,. The reaction time
was approximately 40 hours. Figure.4.9 shows the mass spectral
analysis of each sample, together with the calculated curves for
random deuteration.

All samples for NMR wére prepared by dissolving approximately 15
mole percent of the appropriate deuterated benzemne In the nematic
liquid crystal EK 11650 (p-pentylphenyl-2-chloro-4-(p-
pentylbenzoyloxy)-benzoate). They were sealed in 5 mm NMR tubes. The
experiments were performed on a home-built spectrometer operating at
360 MHz for protons and interfaced to a VAX 11/730 by a parallel MDB-
DCHIB/DR11W data channel interface. The interface 1s described in
detaill in Chapter 5. Two-dimensional data sets up to 4096 x 1024 in

size were recorded directly on the VAX for processing.
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Number of Protons

XBL 866-2357

Figure 4.9
Mess spectral déta from 34% (o) and 79% (A) randomly deuterated

benzene. Open symbols are the measured relative intensities at masses
84 (0 protons) through 78 (6 protons). Solid symbols show the

calculated statistical distribution.
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4.6.2 The Dipole Coupling Constants

Figure 4.10 shows the spectrum of 78.7% randomly deuterated
benzene. The spectrum was taken with a two quantum filter using the

pulse sequence:

t t T T T
w 1 1 [w] 1 1 [ﬁ] 2 2
-~ =-l5l -5=-7-5-]I51 -5 *,-—5-t (4.C)
[2]¢ 2 ¢ 2 2 ¢2 x 2 2 xZ b4 2 2 .

Phae ¢ was incremented by 90° and the receiver phase varied between 0
and 180 °. The Hahn echo during r, was included to eliminate any
contribution of the liquid crystal solvent to the spectrum. Figure
4.10 is a superposition of isotopomers having 2 - 3 protons. The
spectra of the diprotonated species provide the dipole coupling
constants directly. They are easily recognized by their intensity and
because they each consist of only a pair of limes.

Peaks arising from the same molecule were correlated on a 2-D
COSY-type map, using sequence 4.C., The result 1s shown in figure 4.11
together with projections of the 2 and 3 spin spectra that can be
singled out. The three IDijl values were read off from the line
splitting in the spectra of diprotonated species as 1529, 307 and 193

Hz.

4.6.3 Assignment of the Coupling GConstants

The dipole coupling constants obtained from the diprotonated
specles were assigned by simulation of the spectra of che

triprotonated specles. Only three coupling constants which close on
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Frequency (kHz)

XBL B872-8567

Figure 4.10
The 1 quantum spectrum of 79% randomly deuterated benzeme in the

liquid crystal phase EK 11650, taken with a Hahn echo sequence.
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Figure 4.11

Two-quantum filtered correlation spectrum of 79% randomly
deuterated benzene dissolved at 20 moié% in EK 11650. 1024 t; x 1024
t, points were recorded with deuterium decoupling and spectral widths
of 10 KHz in wy and W, using sequence (4.C), 12 FID's were collected
for each t; point, with a recycle delay of 5 seconds. The quadrant
shown has been symmetrized along the diagonsls. The slices indicate

the 6 gpecies present: 3 diprotonated and 3 triprotonated specles.
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the molecule to form a triangle will give an observed 3 spin spectrum,
as discussed in section 4.5.1.2. Since cross-checks are possible,
only the correct assignment will accurately simulate all possible 3
spin spectra. The relative signs of the dipole coupling constants
were obtained by this method.

Figure 4.12 illustrates the assignment process for benzene. In
Table 4.VI the dipole coupling constants used for the various
simulations in figure 4.12 are given. 4.12(a) shows the assignment of
the meta coupling constant. With this assignment, all possible
alternatives of the remaining 2 coupling constants were tried in
4.12(b), with only one successful fit (not counting the absolute
sign). This assignment was verified in spectrum &4.12(c).

Thus, we obtain D - +/- 1529; Dpeta = +/- 307; Dpata -

ortho

+/- 193; with all 3 coupling constants having the same sign. Given
the geometry of benzene, Bij 1n equation (1.30) is 90°. Thus, Dij33 -
K/ rij3 > 0, where K is defined in equation 4.3. The single non-zero
order parameter in six-fold symmetric benzene reduces equation (4.1)

to:

2
Dijzz" 3 533Pyy33 (4.9

The axial alignment of benzene in a nematic implies that the Cg axis
(axis 3) will be approximately perpendicular to the director d and the

field. Hence, S35 < 0 and D < 0. The appropriate angles are

ijzz
marked in figure 4.13. We finally have D,.., = -1529, Dpo., ~ -307,

Dpara = -193 Hz. This result can also be obtained by noting that the

Ji; are determined to be positive from studies in isotropic

<

solution(lbl), and they are known to be opposite in sign to the D;

i
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Figure 4.12

Simulations of spectra of triprotonated species. The dipele
coupling constants used for the various simulations are listed in

Table &4.VI.
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TABLE 4.VI

Dipole coupling constants used for the simulations of Figure 4.12

A B ¢
1.3.5-d3 -benzene l,2,3-d3 -benzene 1,2,Q-d3 -benzene
1. experimental 1. experimental 1. experimental
Dm D, Dm D, Dm Dp

2. -193 2. -1529 -307 2. -1529 -307 -193
3. 4193 3. +1529 +307 3. +1529  +307 4193
4. -307 4. -1529 +307 4, -1529 -307  +193
5. +307 5. +1529 -307 5. #1529  +307 -193
6. -1529 6. +193 -307
7. +1529 7. -193 +307

8. -193 -307

9. +193 +307




XBL 871-83809

Figure 4.13

The axis system of oriented benzene showing the angles used in

the text.
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4.6.3.2 Multiple Quantum NMR

In section 4.5.1.3, it was shown how correct simulation of the
(N-1) and (N-2) gquantum spectra is an alternative method of obtaining
an unambipguous assignment.

Figure 4.14(a) shows an experimental 5 quantum vs. 1 guantum
correlation spectrum of 33% randomly deuterated benzene in the nematic
phase. Only benzene and dl—benzene have suffiCiént protoms to
generate 5 quantum coherence, a sing'et at w; = 0 for dy-. azene and a
doublet centred around w) = 0 for benzene. The simulated spectrum,
resulting from the correct assignment of the dipole coupling
constants, is shown in figure 4.14(b). The dipole coupling constants
obtained were within experimental error of the values obtained from

the COSY experiment.

4.6.4 Structural Interpretation

Equation 4.9 is a set of 3 equations in 1 unknown, provided the
hexagonal geometry of benzene is assumed, or of 3 equations in 4
unknowns, if nothing is assumed. This latter interpretation means

that only a ratio of distances can be obtained.

K . K . . _K
-1529 = ;——-—3 . 533 ; -307 = 3 - 533, -193 Ny 3 533.
ortho Tneta para

- 1.99 r

Therefore: Toeta © 1.7077 ¥ ortho rpara ortho

met

These values correspond to the geometry of a hexagon, in which r .. =

J3 Yortho' Fpara ™ 2 Toreho- If Topeno 1S taken to be 2.482 A, then

Sqq = 0.195.
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Figure 4.14

(a) 5 quantum vs. 1 quantum spectrum of 34% randomly deuterated
benzene in EK 11650, obtained using the TP’I sequence. The phase ¢ of
the preparation pulses was incremented in 26.7° steps. 3000 t; x 1024
ty points were recorded with deuterium decoupling and spectral widths
of 125 KHz in w; and 8 KHz in w;. 4 FID's were averaged per t; point.
The data were zero filled to 4096 points prior to Fourier
transformation. The plot shown has been symmetrized about v, (5C) =

0. The 3 projections along vy show benzene and dl-benzene.
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Flgure 4.14 (b)

Simulation of the spectrum shown in (a), using Dij values determined

from the two-quantum flltered correlated spectrum.
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4,7 HEXANE

The second example of CRASY was applied to n-hexane, a molecule
with 14 protons and seven conformers, somé of which have no symmetry.
This pnrovides a challenging problem: to precisely determine all 16 of
the dipole coupling constants, including sign and pair
assignments(137), and to relate them to molecular structure.
Figure 4.15 shows the all trans conformation of hexane with

carbon and proton labels. These will be referred to throughout this

section.

4.7.1 Experimental

Randomly deuterated n-hexane was synthesized by exchange of n-
hexane in the gaseous phase with Dy over Pd on charcoal at 190°C. An
8l% deuteration level resulted after about 5 days. The results of
mass spectroscopy on the sample are shown in figure 4.16, together
with the calculated statistical distribution of different isotopomers
for an 81% level of deuteration. The excellent agreement implies that
the sample is randomly deuterated to 81% and can be confidently
expected to contain a selection of all possible isomers. We refer to
it as n-hexane—dal.

The NMR experiments were carried out at 360 MHz. Two-dimensional
data sets, up to 8192 x 1024 foints, were recorded directly on the VAX
for ease of storage and data processing.

The liquid cryst-~l used for all measurements was Eastman Kodak
11650  About 20 mole % solutions were made up for the NMR work.
Proton spectra were observed, with continuous two quantum deuterium

decoupling(126'142) over a 15KHz bandwidt'. The effect of the



Figure 4.15

The all trans conformer of hexane.

as M, E; or Eg, and the pratons as 1l-14.

XBL 8610-8682

The carbon sites are labelled
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Figure 4.16

Mass spectral data for n-hexane after 80 hours exchange with Dy;
shown are the measured relative Iintensities (e) at masses 100 (0
protons) through 91 (9 protons) and calculated statistical fraction

(o) assuming B8l% deuteration.
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irradiation was to cause considerable heating, despite air flow
temperature regulation, raising the temperature of the sample by about
20°C. The sample temperature was calibrated using a capillary of
ethylene glycol centred in a tube of FK 11650/CCl,. Decoupling was
applied for extended periods at the same duty cycle as in the hexane
experiments, and the temperature calibratu:d from the line separation

in the ethylene glycol spectrum.

4.7.2 The Dipole Coupling Constants

The spectrum of n-hexane-dg; is shown in figure 4.17. The 1
proton isomers are prominent and provide the chemical shift
identification of the three groups M, E; and E, (shown in figure
4.15). They are otherwise uninstructive, since they contain no
dipolar information. The isomers of interest are those which contain
2 spins. Two quantum filtered correlation is used to isolate and
identify the diprotonated species.

The result of a two-quantum filtered Hahn echo sequence on n-
hexane - d81 is shown in figure 4.18, In figure &4.18(a), 7, was kept
constant and four shots completed the cycle. Signals from molecules
having two or three protons are present. As described earlier, higher
proton numbers do not contribute. In figure 4.18(b) a "two-proton"
filter was used, by incrementing r; successively by 20us after every
4th shot. The cycle was completed after 2000 shots. Two quantum
coherence which oscillates due to dipole coupling during r; and does
not echo at the end of r; is averaged to zers. Thus three proton
molecules no longer co;cribute. Figure 4.18(b) is a superposition of

the 8 A, and B AB spectra of the isotopomers of Ggl,Dj,.
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Figure 4.17

The one quantum spectrum of n-hexane-dgy in the liquid
crystalline phase EX 11650; taken with a Hahn echo sequence, r = 1lms,
and wich 2D decoupling. 1000 shots were recorded at a recycle time of

7.5s.
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Figure 4.18 .

(a) Two quantum filtered Hahn echo spectrum on n-hexane-dg; taken
with pulse sequence (4.C), - 2ps, £ - 500us, ro = 4ms. 2p
decoupling was used. 6600 shots were acquired, with a recycle time of
7.5s. (b) Two-proton filtered Hahn echo spectrum on n-hexane-dg;
taken with pulse sequence (4.C), t) - 500us, ry = 4ms . ry was varied

from 0 to 9.8ms in 20 us increments. 2p decoupling was applied. 4000

shots were acquired, with a recycle time of 7.5s.
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A, pairs can easily be identified in the outar regions of the
spectrum. The three largest splittings must correspond to the three
possible vicinal hydrogen couplings, i.e. EjE,, E(E, and MM. working
inwards. To decipher the inner, somewhat overlapped region of figures
4,18(b) and to check peak connectivities, two-dimensional COSY-type

and INADFQUATE-type spectra were recorded.

4.7.2.1 COSY-type Spectra

The COSY-type spectra were taken with the pwlse sequence
described above, both with and without a « - pulse in €, and with a
varying two quanctum time r;. Examples of the results of these
sequences are shown in figures 4.19 to 4.23. Figure 4.19 shows a
stacked plot of a COSY type spectrum. In figure 4.20(a) and 4.20(b),
some of the squares have been superimposed on a contour plot, to
illustrate the pattern finding procedure. In the absence of a = pulse
in ty, the Hamiltonians in w; and wy are identical, leading to AB
patterns that are centred about the chemical shift position ¥,; along
the main diagonal. Lines connecting the cross peaks of all valid
squares must cross the dlagonal at one of the six possible
frequencies. Figure 4.21 shows how squares may be identified in this
manner.

In the refocussed COSY experiment, the square patterns become
concentric about the centre w) = 0. The fact that the peaks are
shifted in one dimension, relative to those in the experiment above,
allows for any accidental overlap of peaks to be resolved.
Assignments may be checked because of the necessity for concentricity.

Strongly coupled AB patterns cam easily be recognized because of their
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Flgure 4.19 .

Two quantum filtered COSY-type spectra of n-hexane-dg, taken with
pulse saquence (4.C) in the text, excluding the = pulse 1n t;. 128 ¢,
points and 1024 t, points were recorded with 2 QT deuterium decoupling
in both dimensions, non-quadrature in t; and a gpectral width of
16.667 KHz in both dimensions. 200 FID's were accumulated for each t;
point with a recycle delay of 5s, while the double quantum mixing time
Ty was incremented from O to 9.8ms in 0.2ms steps. The data set was

zero-filled to 512 x 2048 points prior to Fourier transformation.
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Figure 4.20

(a) Contour plot of the spectrum of 4.19. Several square patterns
which give the dipole coupling constants are 1llustrated. (b) The

central reglion of (a), illustrating some of the smaller squares.
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Figure 4.21

A spectrum taken under similar conditions as in figure (4.19)
except that 256 t; points were recorded with 144 FID's accumulated per
point. The data was zero-filled to 1024 x 2048 points prior to
Fourier transformation. 5 of the 6 possible chemical shift positioms
are drawn perpendicular to the main diagonal, illustrating how the

squares patterns may be identified.
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complex pattern in the refocussed experiment (figure 4.6(c) ). The
additional complexity has not proved to be a barrier to analysis in
this case. The slightly narrower lines and absence of guadrature
information in ty makes this latter experiment easier to perform and
analyse for the interpretation of the central region. Figure 4.22
shows all 16 of the dipole squares in a set of 3 consecutive drawings.

The inner region of the hexane spectrum is shown in figure
4.22(c). The two HEl patterns are typical strongly coupled AB
spectra, since ID/(uA - "B)I = 1.4. The inner lines of the AB pattern
become clearly prominent. Another obvious AB pattern is that of the
smallest E{E, coupling, for which ID/(VA - uB)I = 1.0. In many cases
of AB patterns, the ratio of coupling constant to cheﬁical shift
difference is large, greater than 2, so the inner peaks are very
small. These spectra resemble A, patterms, but are still interpreted
in terms of their splitting as AB. Figure &4.23 shows a stacked plot
of the inner region of the spectrum. Note the excellent S$/N and
resolution of the inmer peaks.

Dipole coupling constants were read off from the size of the
square patterns. Each of the sites M, Ey and E; have different
chemical shifts, so that the six chemical shift positions FHH’ EMEI'
YME2+ VE1EL- Vgigp and Vpspy can be used to group the proton pairs
Into six categories, which narrows down the search for the exact
assignment. In the initial assessment, J couplings were ignored,
because of their unknown size (especially JEIEZ) and sign and because
they are small relative to D.

Figure 4.24 1s a series of all 16 of the dipole coupled AB / A,y

spectra, produced by projection from the refocussed COSY experiment.
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Figure 4,22

The refocussed COSY experiment, taken with pulse sequence (4.C)
in the text. (a), (b) and (¢) show successively more expanded regions
of the spectrum. Superimposed on the diagrams are the 16 dipole
squares of n-hexane. 512 t, points and 1024 t, points were recurded
with decoupling ir both dimensions and a spectral width of 8.333KHz in
both dimensions. 80 FID's were accumulated per t; point at a recycle
delay of 6s, while the 71 time was incremented from 0 to 9.8ms in
500us steps. The data was zero-filled to 2048 x 2048 points prior to
Fourier transformation. In (c) a Lorenzian-to-Gaussian filter was

used.
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Figure 4.22(b)
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Figure 4.23

Part of the fnner region of the spectrum of figure 4.22, drawn as

a stacked plot to show the $/N and resolution.
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The set of all 16 A,/AB sub-spectra which correspond to the 16

unique dipole coupling corstants in n-hexane.

projections in wy from figure 4.22.

These spectra are

The widths at two-thirds height

are indicated to give an estimate of the experimental error.

* indicates overlap of signals from other AB patterns in the

projection indicated
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These spectra show the resolution of each AB pattern from the next,
and the residual linewidths from which the experimental error was

estimated.

4.7,2.2 INADEQUATE-type Spectra

In the two-dimensional INADEQUATE-type experiment, the pulse

sequence used was:

where ¢ was incremented by 90° and the receiver alternated between 0
and 180°. Here, ;wo quantum and one quantum signals were correlated
in a two dimensional map, as shown in filgure 4.25. For two proton
molecules, signals along the two quantum axis lie in one of 6 possible
chemical shift positions ZVM, vytvgl. Yutvgas YE1PYEL: YE1YVEZ and
vpotvgg. The six slices parallel to the one quantum axis are drawn in
figure 4.25, Within each slice, one quantum AB patterns can be easily
identified due to their symmetric disposition around the appropriate
chemical shift position in wg. There are 2 MM, 2 MEI, 2 HEZ’ 3 ElEl(Z
shown), &4 E1E2 (3 shown) and 3 EzEz(l shown) subspectra. Figure 4.25
is an eipansion of the central region of the spectrum, so the two
geminal E,E; and E,E, resonmances lie outside the range of the w,
shown. The INADEQUATE-type experiment was repeated for different
values of the two quantum preparation time r;, in order to vary the
relative intensities of the different subspectra. For higher values
of r;, the more weakly coupled pairs appear at greater intemsity,

since r; « 1/D. Higher ry values revealed especlally the weaker EqE,y,
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Figure 4.25
Part of a double quantum vs. single quantum spectrum of n-hexane-

dgy in the liquid crystalline phase EK 11650, obtained using pulse
sequence (4.D) in the text, - 250us, Ty = 4ms. 128 Ty points and
1024 t, points were recorded with quadrature phase detection and 2p
decoupling in .oth dimensions. The spectral width was 3.3 KHz in wy
and 7.35 KHz In wy. Vertical lines parallel to the one quantum axis
illustrate the six double quantum freguencies of molecules with two

protons along which the A, and AB spectra can be identified.
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EjE, and E,E, couplings.

Three proton spin systems tend not to interfere in the INADEQUATE
experiment. Their signals in wy are modulated by the large dipole
coupling term and tend to lie outside the small chemical shift range
of two proton signals. Signals lying within this region are unlikely
except by accident to be aligned symmetrically about the correct
chemical shift position. It can be seen from figure 4.25 that they do

not present a problem.

Table 4.VII is a compiled list of couplings obtained by the COSY
method, and by the INADEQUATE method with two preparation times 250 us
and 2.5 ms. The values of Dij agree rather well, given the
experimental error in the measurement. The error originates mainly
from imperfect decoupling of deuterium from protons, leaving residual
linewidths up to 45 Hz in some cases. Methyl groups are more easily
decoupled from ethylene groups, than ethylenme groups from each other,
resulting in varylng peak widths throughout the spectrum. The effect
of temperature gradients, caused by continuous deuterium decoupling is
also observed, with lines becoming increasingly broad with increased
dipolar frequency shift. The error margins for each coupling constant
are also given in Table 4.VII. Additional experimental data provided
are the chemical shifts, quadrupole couplings and the deuterium

isotopic shifr.

4.7.2.3 Conparison of COSY and INADEQUATE Methods

The COSY and INADEQUATE type experiments are briefly compared,

either of which may be the experiment of choice depending on the



TABLE 4.VII

Experimental data on hexane

A. Dipole Couplings B. Quadrupole Couplings
Sites IDg;1¢) Iy ® exptl | Sites 9
error

EyEqp 4487 4482 +3¢4 E, 33550
EyEs 190 189 +12 El 29700
E,E, 43 48 +12 M 9750
EyE; 3974 3968 +34

EqEq 713 706 +18

ElEl 609 612 +14

E E, 1616 1626 +25 C. Chemical Shifts
EqE, 1086 1106 +27

E{Eg 186 183 +14 Sites ¥i
E1E, 81 81 +12

MM 1876 1862 128 Ey 241
MM - 206 203 +13 Eq 200
ME, 1034 1041 +25 M 0
ME, 598 591 £15

ME, 386 382 *15

ME; 322 314 *14

D. 2D Isotopic Shift: ~ 7 Hz




198

molecule studied. The COSY experiment has evolution frequencies
determined by
vy = wg = Vpup * (J4D)/2 £ C + dv,(E), (4.10)

o. for a refocussed COSY,

vy =% (J+D)/2 * (C or 0)

vy = Vpp t (JHD)/2 £ C + by, (B). (4.11)
Tne INADEQUATE experiment has

vy =2 ;AB + 2 Auz(f)

vp = Tpp k (I4D)/2 % C + &v (E). (4.12)
Ay (%) is the spatial inhomogemeity of the static field.

The immediate implication is that for a molecule where mo or very
small chemical shift differences occur, the COSY experiment, which
spreads signals in »; according te D, is preferable. Additionally,
the ZAuz(f) term in the INADEQUATE experiment implies twice the
inhomogeneous broadening ir. ¢}, and induces overlap between close
resonances if field Inhomogeneity is significant.

On che other hand, in a less symmetric molecule where there is a
large range of chemical shifts, the INADEQUATE experiment may prove
more versatile, AThe chemical shift range is doubled ( term 2"AB)’
enhancing chemical shift dispersion. Resolution is improved in the
case where the field inhomogeneity does not dominate the linewidth.
Since the vy bandwidth is much reduced ( [A(2v,p)| << Jam)] )
compared tc the COSY experiment, the experimental time can be shorter.

The INADEQUATE experiment must be repeated with different
preparation times, to cover the range of dipole coupling constants.
The COSY experiment need only be done once. The COSY experiment

includes a varying two quantum filter, which selects only for two
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proton molecules and excludes three proton molecules. This prevents
complication due to extra resonances, although it is impossible to
implement a perfect two-quantum filter. This is apparent from the one
dimensional spectrum shown in figure 4.18(b). The central region
contains many extraneous peaks belonging to three spin systems. These
are retained because the minimum requirement of 1/11 = voqT cannot be
met as vynr, the two quantum frequency of three spin systems, tends to
0. In the INADEQUATE experiment, the chances are that three proton
lines will not fall on the same vy frequency as sums of chemical
shifts, because they involve dipole couplings. It will normally be
easy to distinguish these resonances and a two proton filter is not
necessary.

Finally, we note that less than half the number of peaks occur in
the INADEQUATE experiment compared to the COSY experiment. Each AB
spectrum is 4 peaks instead of 16; 2ach A; spectrum is 2 peaks instead
of 4. This apparent advantage is of course belied by the fact that

the v, spectral width is much less than half of che COSY vy

4.7.3 Multiple Quantum NMR on the Echylene Chain

4.7.3.1 The (N-2) Quantum Spectrum

We studied the (N-2) quantum spectrum of 1,1,1,6,6,6-d;-n-hexane.
This was done partly because of the expected low sensitivity of the 12
quantum spectrum of n-hexane, but mainly because there is no ambiguity
in the assignment of the coupling constants to methyl protons. The
methyl protons have a distinct and large chemical shift from ethylene

protons. The free rotation of methyl gruups removes the biggest
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ambiguity - the assignment of cls and trans couplings between protons
on the same or opposite sides of the C - C bonds.

The 6 and 7 quantum spectra of dg-hexane have been recorded
previously in an attempt to determine the dipole coupling constants
from the high order frequencies(laa). The number of 6 quantum
frequencies is of the same order as the number of dipole coupling
constants. The fit of complex combinations of 10 unknowns to a set of
as many resolved frequencies proved to be an unsympathetic task.

High order multiple quantum transitions were measured using che
(38,75)

TPPI phase cycling scheme The sequence used was:

(4.E}

¢ is incremented proportiomately with t; in 22.5° increments. allowing
16 phase separated intervals for the 0 - *8 quantum spectra (8
quantum at the edge). The phase x was cycled through four values for
each t; point al in Section 2.5.3.6.

Figure 4.26 shows the experimental 6 and 7 quantum spectra of dg-
hexane. The 7 quafitum spectrum has two pairs of lines, which
corresponds to the number ‘of distinct ways of selecting 7 out of 8
protons. The 6 quantum spectrum consists of 10 triplets, 10 being the
number of distinct ways of selecting 6 out of 8 protons. Degeneracies
in che sums of dipole coupling constants has reduced the quartets to
triplets. Figure 4.27 shows simulations using different assignments
of certain coupling constants. Many couplings were kept fixed. They
were deduced from the known primary structure of hexane, the chemical

shift Iinformacion, and the known average orientation of the long axis
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Figure 4.26

Experimental 6 and 7 quantum spectra of d¢-n-hexane deuterated at
the methyl positions, taken with pulse sequence (4.E); r = 11.706 ms
for even quanta and 12.000 ms for odd quanta. The two absolute valde
spectra were added. 8192 points were recorded in t; and 1024 points
in o, Total spectral width for 16 orders was 250 KHz in w1 and 20
Kz in w,. Different multiple quantum orders were separated by a
phase increment Ad = 22.5°. 6 shots were averaged per t, point with a

recycle time of 4.5s. 2p decoupling was used in t; and ty.
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along the magnetic field direction. Different sign and pair
assignments were tried only for uncertain cases. A m pulse was used
in the middle of the multiple quantum evolution period, and the
simulations were done without chemical shift.

According to equation (1.30), the sign of a couplirg constant
will be positive along the G, rotational axis of hexane, which is
perpendicular to the long axis of the molecule. Thus, vicinal
coupling constants will be positive in sign, and will be large because
the protons are close together, and the direction of the internuclear
vector is far from the magic angle. Their assignment is obvious in
figure 4.18(b). Any internuclear coupling that extends along the long
axis of the molecule, such as the intermethyl coupling, will be
negative. For protons ~ 7 A apart, we see a significant coupling
constant of -206 Rz, partly because ¢ in equation 2 is close to zero.
The largest longitudinal couplings are the E E; coupling constants
between the proton pairs (4,8) and (4,9). Model calculations show
that the largest of these two must be (4,8) which is shorter in a
predominantly all trans configuration and has 4 close to 0 as well.

Many assignments can be made by deduction. This simplifies the
task of using the 6 quantum spectrum to narrow down the correct
assignment, and enables identification of the coupling network
vertices with atoms,

Figure 4.27(b) and (¢) compare the two possible assignments of
the ElEZ (4,6) and (5,6) vicinal couplings. The spectrum changes in
only two of the frequencies. 1In 4.27(b), these two frequencies are
not resolved within the experimental digital resolution of 30 Hz. In

4.27(c), they are 97 Hz apart. They correspond to the 6-proton
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Figure 4.27

A comparison of the experimental 6 and 7 quantum spectra and
spectra calculated for various possibie assignments and signs of the
dipole coupling constants. All spectra have a digital resolution of
30.5 Hz/point. (a) 1is the projection along w; of ‘the spectra in
figure 4,26. (b)-(e) are calculated according to the assignments in
Table IV with the exceptions specified on the left hand side of the

figure.



coherent sets which execlude protons 4 and 6 (or the equivalent) and
protons 5 and 6 (or the equivalent), since all other combinations are
insensitive to the ordering of these two dipole coupling constants.
Solution 4.27(b) appears to be more likely than 4.27(c). Figure
4.27(d) shows the tffect c¢f changing the sign of one of the coupling
constants. Almost all lines are affected. Figure 4.27(e) shows the
effect of switching a geminal and a vicinal coupling constant in the
group EjEy, resulting in more lines.

The assignments corresponding to figure 4,27(b) are given in
Tabie 4.VIII. Table 4.IX compares the calculated and experimental 6
and 7 quantum frequencies. Assignments were aided by calculation of
the dipole couplings from a mod2l. A least squares fit procedure,
described in the next section, could be used to assess the probable
signs and values of unidentified couplings from the calculation of a
model based on known couplings. The fit of the 6 quantum spectrum
assured correctness. Topologically thé solution is unique, except for
an exchange of two protons on the sarne ethylene group, including all
assoclated couplings. To preserve symmetry, this would imply for n-
hexane, a interchange of two ethylene groups simultaneously. By
knowing just one assignment of a cis/trans set, such as (4,8) and
(4,9) above, all the remaining cis/trans assignments become
unambiguous. This 1s an improvement over the study of the 3-proton
systems, for which at least two cis/trans sets must be predetermined.

There is an alternative solution to that in Table 4.VIII which
glves exactly the samc 6 quantum spectrum as figure 4.27(b). Swoep the
EjEp vicinal couplings (i.e. (4,6) with (4,7); (5,6) wich (5,7);

(8,11) with (9,11); (8,10) with (9,10) ) and the E;E; couplings across
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TABLE 4.VITI

Assignment of the dipole coupling constants

Site Qij Assignment1
EyE, + 4487 6,7
EjEy - 190 7,8
EoE, + 43 . 6,8
E Eq + 3974 4,5
EjEy - 713 5,10
E{E; - 609 4,10
E By - 1lélé ' 4,8
EEy - 1086 5,8
EqE, - 186 6,4
EE, - 81 6,5
MM + 1876 1,2
MM - 206 1,12
ME, - 1034 1,6
ME, - 598 1,8
ME, - 386 1,4
ME, - 322 1,10

1 . ;
determined by 6 quantum spectrum and by computer calculations
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TABLE 4.1X

Six and Seven Quantum Frequencies

Experimental1 Calculated®
7 QUANTUM:
+2472 ' +2488
+580 +574
6 QUANTUM:
15646 +5581
+4898 +4869
4166 4199
+3738 . +3737
+2853 +2893
+2014 . +1972
+1892 +1914
+1785 +1779
1854 1848
+822

; Digital resolution 30 Hz
From coupling constants in Table IV, scaled by a factor 1.09
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3 carbon atoms (i.e. (4,8) with (4,9); (5,8) with (5,9); (6,10) with
(7,10); (6,11) with (7,11) ). This corresponds to the permutation of
vertices (atoms) 6 and 7 and vertices 8 and 9 (or of vertices 4 and 5
and vertices 10 and 11). This permutation is taken to be incorrect,

because of the logical choice of couplings (4,8) and (4,9).

4.7.4 The Conformational Structure of Hexane

Tables 4.VII and 4.VIII are a complete NMR description of hexane.
Interpretation of the structure from this data is not straightforward
because they are the end result of unknown molecular and
reorientational averaging (eqn. 4.2). Most of the structure
determination on flexible molecules in nematics has involved
interaction potential calculations(lzl'lha), or assumptions about the
non-zero values of 8(115’119), and the separability of internal motisn
and orientational motion{131-2) 1n many cases, these models were
tested against the measured quadrupole couplings in alkane chains.

Equation (4.3) can be expanded in the molecular principal axis

system (PAS) as:

7
n n 1 n n n n
Pijzz = % Pn | %33 Pagaa *3 Opp S22 XPy51n Pijaa )
4 n n 4 n n 4 n n
* 3512 P12 * 3513 Pijas + 3 Sp3 Dyjo3 } (4-13)

S™ {s the order parameter of conformer n and P, its probabiliry.-
Dijaﬁ are the components of the ijth dipole tensor along the molecular
axes of conformer n. We use equation (4.13) for hexane by enumerating

the conformers from the Rotational Isomeric State (RIS) model of
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Flory (148} ' 1ocal minima in the potential energy occur for dihedral
bond angles of 0°(t), +112.5%(g") and -112.5%°(g)(M1P) . 1t is assumed
that only these discrete dihedral angles occur. The sequence g¥g” in

two consecutive bonds is energetically unfavourable. Thus, n-hexane
has seven allowed conformers: ttt, ttg, tgt, tgg, g+tg+ g+tg', 288,
occuring with weights 1,4,2,4,2,2,2.

Equation (4.13) can be written in matrix form:

1 ttt _ttg 288 Tttt
D,z D33~ Dyg~ - - . Dyg®| [P Sy
. . . . other

- : . . + terms
: : : pgggsggg (4.13b)
16 “ttt _ttg “EEE
D,z Dy~ D33” - . . D3y

D =% D .pS
z a,f af af

It is a set of 16 equations in 35 unknowns. The unknowns are of the
form Pnsaﬂn' which excludes any possibility of separately determining
conformer probabilities and order parameter elements. The only direct
solution for molecular structure is te consider the limiting case in
which the orientational and conformational motions are independent.

Equation (4.2) becomes

2
Diypz Eazﬂ<sa'ﬂ > <Dy sag” (&.14)

and equation (4.13) can be written

n 1 n n
Pijzz = %33 Z Poliy3z * 3 (51175p9) ZealPyigyy - Dygpp)

+35,,%p (4.15)

4 n
+ =S ZpD
23 n

4 n n
3712 7 Paiig12 * 3 513 ﬁ PaPii13 nP1j23
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or
1 ttt ttg 444 ttt
D D D - D P S
2z '33 33 .33 : 33 + other
N - : : . terms
: : : pb88 (4.15b)
"l6 “ttt  ttg “ESE
Pz D33 D337 - - - D33
i.e.
D - DR .p-S8
"z o, eB a8

This is a set of 16 equations Iin 12 unknowns. The assumption implies
one average order parameter for all conformers. It allows the
separate determination of S and (p,)}. This step of separating
internal motions from orientational averaging has been suggested on

the basis of relatively rapid conformational fluctuations(131),

(131)'

appropriate choice of the molecular axis system independence of

(132)

the external potential from the internal coordinates , and, not

least, successful application of equation (4.15) to various
examples(132,145-6)

We applied a least squares fit of the vector D, to the set of
measured couplings, using equation (4.15). The matrix D of dipole
coupling terms was calculated in the PAS of the inertia temsor from
the known conformer geometries, Bona lengths and angles used were :
Tey = 1.09 A, rgg = 1.533 A, JHCH(ET) = 109.0°, /HCH(He) = 109.47°,
/66C = 112.0°, 444y, = 112.5°. The five S parameters and seven
populations p were varied to obtain the best fit. A bounded solution
space (Table 4.X) was searched.

A fairly pood fit was obtained, considering the approximations of

the model. Table 4.XI lists the calculated vs. experimental dipole

coupling constants. The rms deviation of a caleculated coupling



Limits on parameter space

Parameter

lower

limit

.12
.03
.05
.00
.00
.00
.00

.05

.03
.03

.03

TABLE 4.X

upper limit

0.09

0.18

0.03

0.07

0.12

0.03

0.03

result

.367
.072
.084

.021

.041
.000
.2066
.0839
.0048
.0232

.0138



TABLE 4.XT

Comparison of calculated and experimental Dij

Experimental D Calculated D Difference
1876 1895 19
-386 -414 -28
3974 3959 -15

-1034 -1003 )
186 157 -32
81 54 -27
4487 4489 2
-598 -602 -4
-1616 -1642 -26
-1086 -1043 43
43 98 36
-190 -187 3
-322 -291 31
-609 -612 -3
=713 =772 59
-206 -181 25
1 N 9
— =z zz calcI - 3L.47
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constant from an exzperimental one is ~31 Hz, which is nf the order of
the experimental error. Table 4.XII lists the calculated
conformational probabilities and the order tensor elements. Also
shown are the transformation matrix from the PAS of the inertia temsor
to the PAS of the order tensor, and the Euler angles which correspond
to that transformation. The ofdet tensor 3-axis deviates by 3.6° from
the z-axis of the inertia tensor. The accuracy of the solution does
not allow too literal an interpretation of this result. The accuracy
is defined by the fitting program in terms of a tolerance factor X . ;.
such that

llzsol - Kt:rue” < Xtol(1+||§truell)'

Xgo1 is the estimated solution and X, . the true value of the
solution at the constrained minimum. A value of <0.05 was found for
Xeol+ implying approximately a 158 error in the results.

The quadrupole splittings were calculated from the list of (pg}
and §, and are given in Table 4.XIIT with the experimental guadrupole

couplings . The agreement is quite good.

4.7.4.1 A Brief Analysis of the Result

The calculated populations of the different conformers are quite
plausible. The all-trans conformer occurs in a relatively high
percentage compared to the ttg conformer. It complies with a trans to
gauche energy of conversion of ~0.960 kcal/mole (calculated at 50° Cy,
employing the Rotational Isomeric Model of Flory(144). This is
considerably higher than the generally accepted value of 0.5 kcal/mole
(147)

for liquid n-hexane However, there has been considerable

discrepancy in the literature on the interpretation of Raman data,



TABLE 4.XIT

Calculated populations and order parameters

Populations

ttt . 36.7
ttg 28.7
tgt 16.8
tgg 8.4
g+tg+ 1.2
gttg” 8.2
f:4:4:3 0.0

Transformation matrix to Diagonal S:

0.997 0.050  -0.055
-0.048 ¢.998 0.028

0.056 -0.025 0.998

+ Euler angle rotation:

o [}

R(a,f,v) = R(-24°, 3.6°, 27%)

Order Parameters

S35 0.2066

S17.97  ©.0560

512 -0.0032
$13 -0.0155
So4 0.0092

213
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TABLE 4 XIT1

Quadrupole Couplings

Experimental Calculated
0.2930 ) 0.2782
0.8870 0.8791
1.0000 1.0000

Experimental 1H—decoup1ed deuterium spectrum of n-hexane - dg;

N

-25 25
Frequency (kHz)

XBL 8612-12882
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with some authors calculating a 0.9 kcal/mole energy difference(148),

Our populations agree well with their interpretation of the liquid
hexane Raman data. In addition, computer model calculations of
alkanes dissolved in liquid crystals show much greater success at
fitting quadrupole coupling constants using higher than the accepted
0.5 kcal/mole value(121).

Also noteworthy is the much higher percentage of the gtg’
conformer than g+tg+. Study of a model shows that the g+tg+ conformer
has greater steric hindrance between the end groups. There is no
precedent for observation of this effect in hexane, but in higher
homologues such as octane, the much lower occurrence of the g+tg+
sequence over g+tg' has been noted.

The ratio § is 0.271, high compared to most observed

xx-yy/szz
values, Figure 4.28 depicts all possible positions the 6 carbon atoms
can take in the 15 allowed conformations (g'gg", g 8 8 excluded).
The projection along the x axis is compared to the projection along
the y axis. It shows the high degree of asymmetry in the xy plane,
justifying the high value obtained for Sxx-yy/szz'

Figure 4.29 gives a diagram of each conformer and specifies its

relative population.

4.8 DISCUSSION

We have illustrated the usefulness of applying random deuteration
to a molecule as a means of simplifying its NMR spectrum, while
retaining information content. Two-dimensional multiple quantum

filtered correlation spectroscopy was shown to be an ideal method for
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Figure 4,28

A superposicion of the 15 allowed conformations of n-hexane: ttt,

+ r + o . i o + * *_F : : :
ttgT, gTtt, tgTt, tgTgT, gg"t, gtg, gTte Two projections, in the
%z and yz planes show the high asymmetry of the molecular shape in the

Xy plane.
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Figure 4.29

The seven conformers of n-hexane and their calculated

probabilicies,



reading off the dipole coupling constants in a very straightforward
way. The set of potentially unidentified couplings could then be
specifically assigned using the 3-1y spectra or multiple quantum
spectroscopy on the parent compound or an appropriate derivative.
Finally we showed how even a very simple model enmabled us to arrive at
a reasonable conformational structure for a flexible molecule. This
structure agreéd well with the experimentally determined dipole and
quadrupole coupling constants and with previous literature

interpretation of the liquid state structure.

4.8.,1 A Structural Tool

This kind of result is extremely imporfant for providing
information about dynamic structure. NMR is already established as a
ur:ful technique in this area. Longitudinal magnetization transfer
via the Nuclear Overhauser Effect (NOE) has been used extensively in
large molecules to derive distance information. The intensity of
cross peaks in a two dimensional NOE experiment (NOESY) is related to
the inverse sixth power of the distance between the corresponding pair
of coupled nuclei (149)  NoESY exploits the dipolar relaxation
mechanism between nuclei. 5A is the limit for NOE in most
experiments. Because of the inaccuracies in measuring absclute
intensities and interference caused by surrounding protons, NOE values
can typically define only a range of distances by which a pair of
protons may be separated.

Dipolar spectra provide distance information in a different way.
The dipolar coupling is directly measured as a frequency shift, and is

therefore extremely sensitive and accurate. The inverse cube
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dependence of the dipole coupling on r implies that much larger
distances can be probed. The dipole coupling is 120KHz per 43 along
the internuclear axis.

Dipolar coupling constants suffer from the unfortunate drawback
that they are orientation dependent. NOE is a scalar quantity, and
can be readily related to distance. Distance geometry algorithms can
be used to assess the probable separati&n of sets of protons using
triangle rules. For a triangle of sides ry, 3 and ry,

ry + rj > 1y (or any index permutation).
The corresponding constraint derived from dipole couplings in a liquid
crystal would be

3/51 Ty o+ 3/Sj ?j > 3/Sk Ty (and permutations)
where 8y defines the orientation of the internuclear vector:

S5 = <(1-3cos?9)/2>,
and ¥; is the distance estimated from IDizzl:

'Dizz' -K/ 7.
Nothing can be said about Ty rJ and Ty unless Si' Sj and Sk are
known. Because of the inseparability of products 3/Si T;j, a model is
necessary to interpret the lDizzl' One might imagine molecular
dynamics calculations which use exp:rimental dipole coupling constants
as a test of correctness. It 1s harder to use dipole couplings to
restrict phase space at the beginning of the calculation in the way

that NOE’s are used.

4.8.2 The case of a peizral N-spin molecule

What ls the effect of random deuteration on a molecule of

arbitrary size and symmetry? How high in N can we go before the
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number of lines in the isotopomer sub-spectra competes with the number
of lines in the single quantum spectrum of the unlabelled molecule?
This questions both sensitivity and resolution.

Figure 4.30(a) shows the fraction of two-proton isotopomers
expected for various N-spin molecules as a function of the percentage
deuteration. For n-hexane-dsl, we were not working at the peak of the
two proton sensitivity, but the signal to noise (5/N) was excellent
for a reasonable experimental time. We see that for N > 30, we can
continue to obtain this level of two-proton substitution.

Thi; plot is relevant for larger N only in cases of high symmetry
where there are just a few ( ~ 20 or less) two-proton isomers among
which the total two-proton intensity will be distributed.
Correspondingly an uncrowded two-quantum filtered COSY spectrum can be
obtained.

By comparison, figures 4.30(b),(c) show plots of the fraction of
unique two-proton isomers as a function of percentage deuteration for
a molecule of (b) no symmetry, and (c) alkane symmetry. A similar
Gaussian-like falloff of unique two-proton intensity occurs in both
cases, though it is much more severe for the case of no symmecry.
Increasing perecentage of deuteration is required to maximize the two-
proton intensity with increasing N. The maximum two-proton intensity
of n-dodecane-dgy is 0.24 of the two proton intensity of n-hexane-dg,.
A reduction in S$/N of 4 compared to the hexane experiment is not too
severe. In terms of sensitivity, the CRASY experiment on a 26 proton
alkane chain is practical.

Figure 4,30(d) 1llustrates the rate of increase of the number of

1,2 and 3 proton substituted isomers of the alkane serles with N. A
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Figure 4.30

Isomer counting statistics for different numbers of protoms, N.
(a) gives the fraction of two proton isotopomers as a function of N,
Marked on the curve is the fraction 0.26 of two-proton isotopomers in
n-hexane-dal. (b),(c) are corresponding fractions of isomers of two-
protons in the case of (b) no symmetry and (c) alkane symmetry for N =
10,12,...,26. Marked in (c¢) is the fraction 0.016 of a unique two-
proton lsomer in n-hexane-dal. (d) illustrates the number of isomers

of isotopomers k = 1,2 and 3 as a function of N.
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steady increase of 2 proton molecules and a much more rapid increase
of 3 proton molecules occurs. For an asymmetrical molecule, the
number of isomers 1s given by the coefficilents of the binomial
expansion. There are over 4 times as many two-proton isomers in
dodecane as in hexane. Difficulties with resolution are likely to
occur in the central region of the two-proton filtered COSY
experiment. The (N-2) quantum spectrum is also the method of choice
for assignment at higher N because of the multitude of 3 proton
molecules. The low intensity of higher order spectra would probably
mean that one or more derivatives of the parent compound would be
necessary.

The two proton spectra will always be much better resolved than
the single quantum spectrum, Unlike the latter, they contain no
redundant transitions. In fact, some information has been lost -
namely the connectivity mapping. However, the amount of information
that these spectra yield is much greater than has previously been
obtainable. Often, the connectivity can be estimated from model
calculations. The two-proton spectra are really the only practical

alternative at intermediate values of N.

4.8.3 Future developments

The main difficulty observed with the experim;ntal procedure was
decoupling of deuterium from protons. Two quantum decoupling is
extremely sensitive to offset, and the high powers used resulted in
significant sample heating. The decoupling was not equally effective
for all resonances. The problem is caused by large quadrupole

couplings and by a spread of chemical shifts. Homonuclear dipole
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couplings between deuteriums are also a factor. A new multiple pulse
decoupling scheme called GOMARO has been developed(lso'l), which
demonstrates effective decoupling that is orders of magnitude less
sensitive than continuous irradiation to resonance offset Aw/wy and
pulse power wl/wQ.. The scheme is easy to implement and will clearly
give better resolucion and more accurate dipole frequencies. With
higher resolution data, inclusion of J couplings will also be

necessary.

Higher homologues of the alkane series are being studied. For
example, figure 4.31 shows a contour plot of a refocussed COSY
experiment on octane., Figure 4.31(a) shows the 4 vicinal couplings of
octane. They are assigned presuming no even-odd effect in the free

alkane<121).

Figure 4.31(b) shows an inner region of thea octane
spectrum. A fair number of assignments can be made. Table 4.XIV
lists the present state of the study.

Application of CRASY to biological systems is being considered.
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Contour plot of the spectrum of n-octane-dgj, taken under
jdentical conditions to figure 4.22 for hexane. (a) and (b) show
progressively expanded regions of the spectrum. Some of the squares

have been marked. 1In (b) a sine filter was used.



| O o v, (kHz)

-0.855
7 -7
N
ME,

2N OO &
i mg¥
F qg_e_ﬂuw_
l’ o | & |wme . r

0.855
-0.855 0.855

v, (¢2)

XBL 871-9543

Figure 4.31 (b)

225



TABLE 4.XIV
Dipole coupling constant data on n-octane (in Hz)

Site Iog 1t

Chemical shifts

MM 1703 Site
101 '

ME, 325
134 E; 240

ME, : 978 Ey 200
210

Ey 180
ME4 . 566
314

E{E; 3705
99
?

EqE, 4317
594
363 or 238 ?

E,E 4531
3
3 238 or 106 7
92

EE, 722
362
231
7

E,E, 1604
1063

357 7
7

EqEq 1789
1114

?

?

L Suggested assignments
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CHAPTER 5:

Parallel Data Channel Interface between the § Spectrometer and

and the VAX 11/730

5.1 PHYSICAL SPECIFICATIONS AND INSTALIATION

The components of the parallel data link between the DG Nova 820
and the VAX 11/730 are two data chanmel interface boards, one at each
computer, and two 40-pin 50 foot shielded cables for sending data in

both directions. The specification on these items are:

1) The MDB-DR11W fits into a unlbus slot Iin the main or extension
chassis of the VAX. It is configured with W-ENABLE up and W-LINK-M up
and all other switches down. The present vector address is non-
standard:

vector address = 500

device address = 777000.

When the board is idle, no LED's are lighted. Side connectors I3
and J4 are attached to the two 50 foot cables, which are looped back
into the main body and appear out the back of the computer. The red
strip on each cable goes into pin 1 on eaéh connector on the DR11W (on

the right hand side).

2) The MDB-DCHIB can replace the DG Scope board on the §, but there is
no slot available for its permanent insertion. (The computer must be

completely powered down before exchanging devices on the bus.) The
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XBL 869-9477

Figure 5.1

Connection of two devices with a parallel data channel interface.
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device code (device address) is set at 42g5. The link mode switch is
open, and all other switches are closed. ’Jumper 8 has been etched to
provide the correct bit translation between the DG and the VAX (see
manual: ‘The MDB - DG Data Channel Interface Board’)

On first powering up the computer, the READY,ATTN and CRQ LED's
are lit. After booting, the ATTN LED goes off. When the board is
idle, the READY and CRQ LED’s remain lit. The CRQ light must be lit
for the board to be functioning; READY goes off while the board is
transmitting data.

The cable from J3 on the VAX - DR11W goes into J2 on the DG -
DCHIB, and that from J4 on the DR11W goes into J1 on the DCHIB. The
cables are twisted so that the red strip on each cable goes inte pin
40 on each connector on the DCHIB (on the left hand side) (see figure

1.

3) The two 50 foot cables are supplied by DIGITAL under the catalogue
name BCO6R-50., They are shielded, grounded 40-pin cables. 50 feet is
the maximum length over which parallel data may be transmitted without

error.

The speed of data transmission is expected to be about 250 000

words per second,
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5.2 SOFTWARE

5.2.1. Installation

a) VAX When the VAX is boo;ed, an autoconfiguration routine is rum

which places all known devices on line. The DR11W, called ‘XAAO:’ by
VMS routines, 1s not included, being In a non-standard posiéion on the
bus. It may be placed on line by executing the following instructions

in SYS$MANAGER:XAGONNECT.COM:

$ RUN SYS$SYSTEM:SYSGEN

$ LOAD XADRIVER

$ CONNECT

XAAO/ADAPTER=3 /CSR=%0777000/VEC=~%0500,/NUMVEG~2/DRIVER=XADRIVER

$ EXIT

XaA0: should then appear on line in a show devices request.

b) DG  There appears to be no need for any software to identify the
DCHIB to the system. It merely responds to device code 424.

A routine called IDCH has been included in the subroutine package
which uses the RDOS function .IDEF to identify the DCHIB to the
system at run time. The routine tells the system what to do if an
interrupt ig received from that device, which is to clear DONE, the
source of the interrupt,i.e. to silence the device (set it idle) until
it is required again.

IDCH does not appear to be needed at least in the data channel mode.
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5.2.2 Testing the boards individually

For this testing, a loopback cable is placed between the input

(J2 or J4) and output (J1 or J3) ports on the same board.
a) VAX

VMS supplies a driver for the DR11W, which is described in the
I/0 manual. It means that queue I/O requests in a high level language
may be used to run th; interface. VMS also provides a test program
SYS$EXAMPLES :XATEST. In the loopback mode, XATEST, initiated by a run
command and then SYSGEN GO, works only for transmit and hang> up on
receive.

Other testing programs are in director} [GOCHIN.DR11W] .

In the loopback mode, SELFTEST writes i word to the Qutpuw Data
Register (ODR), and then reads it back in 2000 times, checking the
transcription each time. If no errors are reported during the WRITE
and READ stages, the interface is functioning correctly. The program
reports a status, the contents of thu Control and Status Register
(CSR), the Error and Information Register (EIR) and the number of
bytes transferred. For the meaning of these values, see the manual:

'MDB - DE1lW’.
b) DG

An assembly language driver for the DCHIB interface, MIRIAM:
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DCH.SR, has been written which has the following Fortran callable

subroutines and functions:

CALL SDCH(IBUF,NWORD) send out NWORD words from starting
location IBUF (or BUF(1l) ) to the VAX via
the DCHIB

CALL RDCH(IBUF,NWORD) read in NWORD words from starting location
1BUF
(or IBUF(1l) ) from the VAX via the DCHIB

CALL CDCH® clear the BUSY and DONE flags on the DCHIB

CALL IDCH RDOS only - mask out interrupts (non
-esgential in DCH mode)

I = DCHST(STATUS,NW) tests for completion of a transfer; returns
-1 if cransfer not complete

(DCHST, STATUS must 0 1if transfer complete, BUSY=0, DONE=0

be declared integer) 1 1if ctransfer complete, BUSY=0, DONE=1
STATUS will contain the contents of the
status reglster on completion of the
transfer.
NW will contain the word count which should
be 0 to indicate that all words have been
transmictted. If it is not 0, the status
register should be examined for an error.
(See manual: MDB-DG Data Channel Interface

Board)

*A version of DCH.SR called DCHSPEC.SR was incorporated into SPEC and
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has this routine name replaced by CLDCH, because CDCH was needed in

the labelled COMMON statement.

In directory MIRIAM, the program SELF2.FR tests the interface in
the loopback mode by writing out a word to the ODR and reading it back
in 1624 times. It reports any errors ir. transmission, and a status

and word count,

5.2.3 Testing the boards connected

The boards are set up in the final configuration with the cables

twisted once.

a) VAX

[GOCHIN.DR11W]DGREAD requests from the user the size of a block
of words (integer*2) to be read in from the DG, and then goes into
read mode in which it waits 5000s for the requested transfer.

[GOCHIN.DRIIW]DGWRITE again requests a block size and transmits
this number of words oGt the DR11W to the DG.

These programs are run in conjunction with MIRIAM:SPH on the DG.
They return a status on completion, the contents of the CSR and the

number of bytes transferred. There are two bytes per word.

b) DG

MIRIAM:SPH probes the user for the direction of data transfer and
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the block size and then proceeds accordingly. The program returns

status and word count.

Note:

(1) The computer that is to receive should always be set in receive

mode before the transmitting computer sends its data.

(ii) The same number of words for transfer should always be indicated

at both ends.

(iii) N.B. The following problems have been noted:

(1)

(2)

When transfers of the type described above are checked, the first
block of data sent after a power-up is always completely
meaningless, and must be discarded.

Subsequent transfers are correct, except that the first word
transferred is almost always the last word left in the ODR from
the previous transfer; an extra word is therefore always sent,
and the first word discarded. This is not described in the
manuals; further there {s an inconsistency in the case of
multiple transfers using TRANS (see below), where many times the
first word is correct and not from a érevious transfer, but
occasionally it is. Due to the sporadic nature of this error, a
means of circumventing it has not been found. However, single
transfers in the form used when sending data interactively during
running of the spectrometer are consistent and the first word is

always discarded.
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5.2.4 Programs for transmitting data

a) Under RDOS, MIRIAM:TRANS will read any nuwber of SPEC archives
into main memory and transmit these out to the VAX. The VAX is first
prepared by running [GOCHIN.DR11W]TRANS2 which asks for the number of
spec archives to be received and the size In complex words of each,
and then goes into READ mode. The time taken for transfer is limited
by the disk I/0 access on the DG. To avoid error in the first word
(Section 5.2.3), an extra word is stored in each record, and program
CHECK should be run to check for error.
b) Under SPEC, a new command DCHOUT n transfers n complex words to
the VAX from starting location BUFl. This command relaces COMPLOT in
a version of SPEC dalled MGMUNOSPEC (which also incorporates the
changes made by M. Munowitz in 1984). In addition, a TEMP program,
loaded using MIRIAM:<TEMP2D,RAVE> in the TEMP load statement, runs an
entire 2D experiment. It has four parameters:

1) Number of t; points

2} 1lst t] point (ms, in register 04)

3) Increment in t] (ss, In register 02)

4) Number of run averages per t; point
On the VAX, any of the programs DCHREAD, DCHOLD, DCHKEEP may be used.
They are all almost identical in that they read a specified number of
FID's of specified length, but differ in the fil: storage handling:
DCHREAD closes the file of data only at the end of the run; DCHOLD
similarly, but alsoc saves a HOLD file at any intermediate point during
the run; DCHKEEP closes the file at the end of each FID input, and

reopens it for the next Inpuc - it also hag a HOLD file option. The
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last is the best alternative for a long runm, since the data recorded
so far is retained in the event of a computer crash. However, it can

be very slow if other time consuming jobs are running on the VAX.

Note:

The first FID sent should always be discarded.

5.3 INTERNAL STRUCTURE AND OPERATION

This section describes the way in which the parallel data
transfer operates. The description is schematic in that it does not
specify all possible pin comnections in carms of their number or exact
physical location, and omits register bits and pin connections that
are not necessary for the basic understanding. It is merc.iy to give a
general idea of the function of a Data Channel (DCH) interface, in
order to clarify the way in which the interface programs work. 1In
particular, DCH.SR, written in assembler language on the DG, is the
easiest to follow, since it exhibits direct communication with
registers on the board. Figure 5.1 illustrates the general layout of

the two boards and the connection between computers.

5.3.1 Logical Structure of the Interface Board

The data channel interface board is a device which transmits data
in words, or blocks of words (or bytes) and for this purpose there are

a number of registers on the board which can contain information.

x>
,:P kA
e
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They are:

(1) Word Count Register (WCR)

Stores a count of the number of words, n, to be sent out or
received, and is varied from -n up to O as these words are
transmitted.

(11) Bus Address Register (BAR)

Stores the address in memory of the next word to be transmitted.
In the data channel link mode of operation, the WCR and BAR are
automatically incremented by 1 after each data transfer.

(iii) Output Data Register (ODR)

Receives a word from main memory to be sent cut to the other
computer.
(iv) Input Data Register (IDR)

Receives a word from the other computer which will be strobed
into main memory.
(v) Error and Information Register (EIR)

Stores a possible lead to the error in the event nf a failure in

data transmission.
(vi) Control and Status Register (CSR)

Controls initiation and direction of data transfer, and records
present stactus of the board.
This description applies to the registers as they are defined for the
DR11¥W. 1In the MDB-DCHIB, the Status and Command Registers replace (V)

and (vi), with similar functioms.

Other important features assoclated with the boards are a BUSY
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and READY/DONE flag.

BUSY READY/DONE
1 1 end of cycle
0 1 device waiting for processor
1 0 device in use
0 o]

5.3.2 Operation

(a) Conditioning the Interface

The interface is conditioned by a data channel program as
illustrated in figure 5.2. The program loads the WCR and BAR and
clears the DONE flag. It sets the FUNCT bits to condition the
interface to receive or transmit data. In particular, FUNCTL = O
implies that the device 1is to transmit, FUNCTl = 1 implies that it is
to receive.

The program then sets che GO flag which negates READY. While
both READY and BUSY are low in device A, the bus control lines CO and
Cl are asserted in device B, This causes the status bits to be set in
device A&, informing the CPU of the direction of data transfer. This
loop ocecurs at both ends of the link. It is the beginning of a data

cycle,

(b) Sending Data

The program in CPU B now sets the CYCLE bit to initiate a data
cycle. This is shown in figure 5.3. CYCLE causes BUSY to go high
which has two effects: (1) a data feteh from the CPU B into the ODR;
once the data word 1s latched into the ODR, the BUSY line of device B

goes low. (2) While BUSY is still high in B, CYCLE RQ will be asserted
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Figure 5.2

Readying of the data channel for a transmit/receive cycle.
Porgrams at both computers load the Word Count and Bus Address
registers and set the FUNCT bits to specify the direction of data
transfer. GO is then set, which causes the status bits in the other

computer to be set, confirming the direction of the data transfer.
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in CPU A. Cycle request sets BUSY A high. Once BUSY is high in
device A, a data transfer is initiated from the IDR to CPU A memory.
BUSY high in device A meanwhile causes CYCLE RQ in CPU B and, if the
BUSY in device B has by now been negated, the CYCLE RQ will cause BUSY
B to go high again, a new word to be loaded into the ODR and ancther
cycle to .ensue. The BUSY/CYCLE RQ interlock continues until WGR = 0,
so that a whole buffer of words may be transmitted without program
interference. At the point where WCR = O, during the last word
transfer, READY is asserted and while BUSY is also asserted, this
signifies the last cycle. DONE is set, which sends an interrupt to

the program,
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Figure 5.3 Sending data from device B to device A (in our case,

this is from the DG DCHIB to the VAX DR11W). The program in device B
sets BUSY to initiate a data cycle. Setting BUSY causes the data
word to be latched into the Output Data Register, and asserts cycle
request in CPU A, Cycle request sets BUSY in A, and latches a word

from the Input Data Register into CPU A memory.
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APPENDIX A

ROTATIONS

The set of three Euler angles «,p,y specify the orientation of an
axis system in space. They are defined as follows for the orientation
of a molecular axis system l,g,g with respect to the laboratory frame
x,¥,2 (refer to figure 1.1):
1) Rotate by a around 3 to bring axis 2 perpendicular to the plane
containing 3 and z. New axis positions are 1’,2',3'=3.
2) Rotate by B around the new position 2’ to bring 3' parallel to z.
New axis positions are 1'’,2’'=2’,3"'".
3) Rotate by 7 about 3’‘(2) to bring 1'' parallel to x and 2''
parallel to y. New axis positions are 1’'’‘',2/'’,3'''=3"'",

In the axial symmetry of high field NMR, this last rotation by v
is not necesséry when defining the projection of a tensor along z.
The polar angle # may be equated with 8, and the azimuthal angle ¢

with @ (figure 1.1).

R(a,f.7) - R;.,(7) Rg.(ﬂ) R;(a)

Rg(a) Rg(ﬂ) R§(7) (A.1)

‘1t

Transformation of a tensor from the PAS to the laboratory frame is

given by

LAB PAS -1
T g = R@Bm T o R (a,8,7)

L
-z Dn
n=-L

L
,

S

PA
(@8,7 T, (A.2)

with the Wigner matrix elements:



253

ina

D s@p) = e % g gy e

Tables of reduced rotation matrix elements d, E appear in several
,

(13,14).

texts L = 2, and for a nematic, m = 0, giving

2

LAB 2 PAS
T2,0 -z Dn'o(a,ﬂ.v) T2,n (A.3)
n=-2
2 -ina 2 PAS
-nf.ze dn,O(ﬁ) Tz'n (A.4)

The Wigner rotation elements in Table 1.1I are defined from equation
(A.4), using tabulated values of the reduced rotation matrices. The
equation can be expanded and represented in the Cartesian frame, using
Table 1.1II for the definition of TZ'EAS. The transformation of
equation (A.4) into equation (1.19) leads to the definitions of the

order parameters given in Table 1.1,



APPENDIX B

Expansion of the terms cos(ZxJISIpt) and sin (ZxJISIpt) for the spin

systems I S, n = 1,2 3

For 1 proton
n
A 1 3.4 : 20 _ 1 : 2o+l _ L o
P 4 P 4

The cosine and sine functions are expanded in a Taylor series:

2 4
(2nd__1_t) (2xJ_ I )
oy I1Sp 1s7p’
cos(ZwJISIpt) 1 2 + A .
2 4
-1 (NJISC) (xJISc) )
) 2 4
- |cos (nJIst)l
Similarly,
(23 16y
sin (ZwJIslpc) - ZwJISIPt - 3 + ...
(wJIs'c)3
N T

- l2 I sin (NJISt)

Typically, Jig (sp) = 240 Hz.

For 2 protoms

I ~I+1, 12-l+211,; I -l+211,; I
p P P p 2 PP

Expanding, as before:



(2nd ()% () (2n3 0"
cos (2xI ol ) =1 - —>— [E + ZIPIP,] - — [5 " 21p1p,]
- 11 + l + 21 1 (cos (2xJ__t) - 1)
2 pp' IS5
(ZRJISC)
sin (ZRJISIpt) - Ip{ 2rJIst -3 + ...}

I sin (ZnJISc)'

Jig (sp?) = 140 - 160 Hz.

For 3 protons
Ip D= Ip + Ip, + Ipn
cos (2nJISIpt) - C°S(Z"JIS(Ip+Ip')t) cos(2xJISIp"t) -
sin(ZxJIS(Ip+IP,)t) sin(ZxJISIp"t)
sin (ZRJISIpt) - sin(2wJIS(Ip+Ip,)t) cos(2xJISIp"t) +
cos(2wJIS(Ip+Ip,)t) sin(ZﬁJISIp"t)

Expanding these equations as in the above leads to the final result:

cos(2xJISIpt) - $I. 1 41

I
I P pptp'p

3 2
cos nJ st - A(IPI «sin ("JISt)cos("JISt)I

. ? <3
sin (21JISIpt) - |2Ipcod wJISt sin nJISt . BIPIP'IP"Sln nJIStI

Jrs (sp) ~ 120 Hz.
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APPENDIX C

Summary of computer programs on VAX

DATA CHANNEI. TRANSFER AND TEST PROGRAMS

(1) XATESTMG:

(2) SELFTEST: test DR11W internally

(3) DGREAD: read in n blocks of words from the DG; test accuracy

(4) DGWRITE: write out n blocks of words to the DG; test accuracy

(5) DCHREAD: read from DG (concurrently running TEMP) into a single
open file

(6) DCHOLD: read from DG (concurrently running TEMP) into 2 files,

one of which holds a portion of the data for viewing
prior to the end of the experiment

(7) DCHKEEP read from DG (concurrently running TEMP) into 2 files,
one a hold file; the main file is closed after each
record written; this is slow - it protects the

contents agalnst total loss in the event of a system

crash.
(8) TRANSZ: accept data from SPEC archives using TRANS on the DG
(9) CHECK: run to check first word of TRANS2 data

(10) XA.LIB; XATERM : link with above files
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FOURIER TRANSFORM AND PLOT PROGRAMS

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

FTPARTL:

FTPART2:

perform 1D FI's or first part of a 2DFT on an
unformatted file written with DCHREAD, etc.

perform second half of a 2DFT.

BASE, SHFT, FILTER,FFT: link with above files

PROJ:

LOOKFID:

LOOKFT:

SPECTRA:

CONTOUR :

PICLEXI:

PICPLOT:

FLEX:

obtain a horizontal or vertical projection from a 2D
data set. Data is written to a formatted (x,y) file
obtain any FID from a 2D data set as a formatted (x,y)
data file

obtain any FT record from a 2D data set as a formatted
(x,y) data file

plot n formatted (x,y) data files on the tektronix or
lexidata

draw a contour plot of 2DFT or simulated data from an
unformatted, segmented file on the lexidata or
tektronix plotter

draw a stacked plot of 2D data on the lexidata
terminal

draw a stacked plot of 2D data on the tektronix
plotter

macro to compile and link all plotting programs;

incorporates library GPLOT
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ISOMER ENUMERATION AND PROBABILITIES

(22) PROB: calculate probability of m-proton isotopomers in a d$
randomly deuterated N-spin molecule

(23) ISOMER: calculate the number of position isomers of each
isotopomer in an alkane with n carbon atoms (n even)

(24) STEREOQ: calculate the number of stereoposition and NMR isomers

for an n-carbon alkane chain

SPEGTRAL SIMULATION

(25) SPEC2D: extension of program SPEC of Ju(38) for calculation
of 2-D spectrum (up to 6 spims)
(26) PREPLOT:  convert result of SPEC2D into format suitable for 2D

plotting programs

DIPOLE GOUPLING CONSTANTS

(27) SFIT3: pe:{fom a best fit to an experimental set of dipole
coupling constants of hexane, using a model of order
parameter colinear with principal moment of inertia
axis system. Used in conjunction with data SFIT3.DAT

(28) SFIT12: perform a best fit to an experimental set of dipole
coupling constants of hexane, using a model of one
average order parameter. Used in conjunction with

data SFIT12.DAT
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(29) SUB.LIB, COORD, HTERMS5 must be linked with SFIT12; and
NAGDBLE/LIB with both of the above routines. The
routines for calculation of the inertia tensor PAS and
for alkane chain dihedral angle rotation were obtained

from the Weizmann Institute of Science.



