-~

, proton

VI: TWO-DIMENSIONAL (2D) NMR

VI.1 INTRODUCTION

Consider again the 13C NMR signal arising from an APT experiment:
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The 13C signal detected as a function of time can also be regarded as a quantity
depending parametrically on & . The time-domain signal can thus be
expressed as oy

i |
S(g/t) :ffz wcs/s‘)- e T dwee

cs J

where /@’ is- the class:cal:;phas

rﬂ“ uz,-s i J-éé?)

an I(me&J) is the PTObabllnty-' Qf-, h
is. cocs and, whose ccuplmg egns;an ,

SRRy
Torinda

Feiy



- .
s & P

7 {v A *\) S

- H ¥ : -

S

S

/

If S(& .t) is regarded as a two-dimensional (2D) function depending on 2
independent time variables, then it can be 2D Fourier transformed to provide us

with the 2D NMR spectrum I(wcs,J)
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This is the basic type of experiment on which multidimensional NMR

‘is based.
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In more general terms, a 2D NMR experiment can be represented by 4 periods:
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-During t1, the spin system evolves under the effects of '56,

-During t2, the spin system evolves under the effects of %2_

-The preparation period is used to start the evolution with ’:,g‘,

-The mixing period is used to "turn off" ‘4 | and "turn on" 6
2

If the system can be described in classical terms % ¢ and yé;,_ will have
associated precession frequencies of a magnetization vector v{ and vo, and after
2D FFT we get I(vy, v2)

Figure 8.4 The result of transforming in
the second dimension - ad two-

dimensional absorption line. The alterna-
tive contour representation, at the right, R
is explained later in the text. I\ —}
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In contrast with the APT example, the overwhelming majority of solution 2D NMR
experiments correlate a chemical shift evolution in t; with a chemical
shift evolution in t <y goiToul5
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Peaks and fine shapes in 2D NMR: Consider a 2D NMR-experiment that yields

a signal of the type 5// Sy 0F OS50 Ui By
Fuwe”
; D;E ' Q.z,t
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After 2D exponential weighting and #T, we get in homonuclear correlation / /5
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I(w2,w2): Peaks arising from a coherence that was precessing at a rate Wy during

ty and continued at the same rate during t2
I{(01, w2): Peaks arising from coherences that were transfered from a precession

rate Wy to a rate W2 during the mixing: The important part

containing the structural or dynamic information.
1(0, w2): Peaks arising from zero-quantum coherences or populations excited

during the mixing
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The line shape of these(péékém&t from the one observed in 1D NMR.
Indeed, after the Fourier transform we have:
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FIG. 6.5.1. Peakshapes in 2D spectra: (a) and (b) purc 2D absorption a,,(@))a,(w2); (c)
and (d) pure negative 2D dispersion ~d,,(@,)d,.(w,); (¢) and (f) mixed phase peakshape.
also known as ‘phase-twisted’ peakshape, consisting of a superposition @,,(w)d,(w2) ~
do(wy)d,,(w,).
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Overlap of mixed-phase line shapes produces signal cancellation:

(a}

(b}

o

*. 6.5.2. (a) Superposition of a pair of lines with mixed phases: in the lower quadrant,
he resonance positions are displaced along the positive diagonal (AQ, = AQ.=44,=
~Ay i.c. displaced by twice the full line-width at half-height). leading to destructive
iinterference due to the overlap of negative dispersion lobes with positive absorption
—>mponents. In the upper quadrant, the resonance positions are displaced along the

=gative diagonal (AQ, = —AQ, =44, =44,), leading to constructive interference. (b)
Superposition of two pure 2D absorption lines, dispiaced by AQ, = AQ, = 44, = 44.. The
contour levels shown correspond to 22, 16, 10, 4, and —4 per cent of the maximum height
~ an isolated peak. Negative contours are drawn with dashed lines.



To get purely absorptive line shapes we have to make the dispersive component
along either v or vo equally zero. This is equivalent to ask for a time-domain

sampling involving a ti{- or t2-echo.
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We will come back to this topic later.
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VI.2 2D CORRELATIONS VIA J-COUPLINGS

When trying to correlate the chemical shifts of 2 sites, there are 3 mechanisms
on which the transfer of coherence between t{ and t2 can rely: ’

i) J=couplings; which originate the family of COSY (COrrelated
SpectroscopY)-type experiments, showing cross-peaks between pairs of
coupled sites.

ii) Dipole-Dipole Relaxation; which originates the family of NOESY
(NOE SpectroscopY)-type experiments, showing cross-peaks between
spatialy-proximate sites. w424 = W2, Brwpiwe 1¥P0

= Yt ¥
iii) Chemical Exchange; which originates 2D exchange NMR spectra, very
similar to NOESY spectra except by the fact that cross-peaks arise due to ”W"/”’

chemical exchange processes. j — FEXE4, 757 e

We will start by focusing on COSY-type experiments. Cross peaks in COSY arise
from the excitation of multiple-spin antiphase coherence terms like those that
we saw in the basic heteronuclear coherence transfer sequence:
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Let's analyze the evolution of p , assuming chemical shifts {01, 0z} for {l1, I2},
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If we only detect the signal from spin 2 at"a frequency w2 =>

- iz
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Note that the frequency w{ can be measured by stepping t; even though “%
sampling takes place at a different Larmor frequency!

The line shape of these cross-peaks:
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V1.3 THE 2D HOMONUCLEAR COSY NMR EXPERIMENT

Let's consider now a homonuclear system; i.e., a systemwhere the first (x/2)
pulse excites both spins and where in the acquisition period we detect the signal
from both spins. The simplest sequence for retrieving a COSY NMR spectrum

from such a system | P
Aol

) Gl CHR et

p, l s Ly —>
First 2D NMR experiment
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:l'he analysis of p in this system is very similar to the one described above
except for 2 differences: '
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5{/ Mwﬁ“%i) In the previous example we had that fo" Iz, ; now eo =Lzt 2
=> there is a 2nd signal to consider.

dgp e Lf ) ii) Since now both pulses have the same rf phase (previously we had that
(n/2)x - (r/2)y), in the present sequence we have to consider terms

M9 A
/ proportional to sin(w{-t1) (instead of the cosines that we kept before).
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Two important points to notice: Friapuf ok cefaped 207 f
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_Since t{ modulation appears as sines or cosines, non-quadrature detection %

along w1 takes place => one has to work off-resonance and throw away half the

points. To avoid working off-resonance one has to phase cycle the relative
phases of the (x/2) pulses (see below)

_Whereas the t{ modulation of the diagonal peaks comes as products of a cosine
and a sine factor (sin(wj-t1) - cos(J-t1/2)), the cross-peaks are doubly sine

modulated (sin(wjty) - sin(J-t1/2)).
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It can be shown that the line shapes of the COSY peaks for positive w{ are

at the diagonal-peaks at the cross-peaks
"
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Thus, it follows that it is not possible to record a completely phased
COSY spectrum. We can have along vy either an absorptive diagonal and

dispersive cross-peaks or vice-versa. Since the most important information lies
in the cross-peaks, the latter choice is usually implemented.

The transfer functions multiplying each operator allow us to reconstruct the
multiplet line shapes of the total 2D spectrum.
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i Figwre 8.25 Phase-sensitive COSY spec.
trum of an AX system; positivé contours
are black and negative.red. Ngte how
‘, the cross-peaks have been adjusted into
i pure absorption phase, with ultiplet
components in antiphase (inset in con-
DIAGONAL PEAK °o0 ) tour plot). The diagonal peaks are dis-
S oo persive, and' overlap of the/wide disper-
bope sion lines leads to charactdristic ‘angel’
, J shapes.
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We investigate now how does an (w{,w2) cross peak look like in the presence of a
coupling to a 3rd spin I3. An (w1,02) cross peak comes from the transfer

( J%
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Going back to Section V, recall that the evolution of bilinear terms in the

presence of coupling to a 3d spin changes to

T leak | o1 I, STz Tegt, 91,1, cos(ﬁs*/) +

LTI, 2
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One therefore has to differentiate between the active coupling Ji2 originating
the cross peak, and the passive coupling Ji3 that splits this cross peak. Each
passive coupling J contributes a cos(Jt/2) term to the transfer
function. The total line shape of the final COSY cross peak then becomes

. oin (T2 ‘f:a/z_)‘ cos (3-13 tz/z)
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- |f we have a cross peak arising from an AzX system, the signal at wy:

In normal 1D NMR In 2D COSY NMR
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V1.4 2D COSY NMR: AN EXAMPLE

In spite of the complexity of its spectra, the 2-pulse H,H-COSY experiment has
peen an'd still is o_ne of the most important tools for structural characterization
in chemistry. We illustrate its use by ellucidating the spectrum of the natural

product:

Figure 8.9 Proton spectrum of 1 (500

MHz, D,0)
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The complete 2D H,H-COSY spectrum of the compound
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Once the origin of one peak is known, the remaining protons in the molecule can
then be traced back by following the molecular connectivities indicated by the
cross-peaks. For the sugar region (higher ppm's) for instance
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V1.5 THE SPHERICAL BASIS SET; COHERENCE ORDERS

As we have seen it so far, the COSY experiment has a nunber of drawbacks:

|) an-quadrature detection in t1 (Ix modulation rather than I, or L) s
it) Line shapes cannot be made purely absorptive (dispersive diagonalsg ol

iii) Axial peak aitifacts along v1 (not originating in DC offsets)

¥eh'Swgre LBy [hase cyc/ivs,
We will try to solve these problems by shitting the phases of the various rf pulses, but

before we do that we have to investigate how the different components of the density
matrix (spin coherences) behave under the effects of phase shits.

Clia, @l These

We saw in Section V.1 that under the effects of the chemical shift, the evolution
. of a cartesian Ix operator is given by:
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/ lI K/I»/I ;/ﬂ} constituted a basis set for p: cartesiari basis of a spin 1/2

> {1:4», 1, T_ ;"} , with Ig = I, also constitutes a basis set for p: it is called the

spherical basis set cuv rcgg vy @ SN0 i
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Similarly, we can write a spherical basis set for a 2 spin system I-S:
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10) With the following p&irameters
-k @l @ I8 5/@

these INEPT experiments can be used to get the -CH-;f, -CH2- and -CH3 subspectra
of a compound /

i) Calculate the;’iinear combinations that will originate the different

spectra. )
i) Analyze the "cross-talk” among the subspectra that occurs if the

assumed J = 140 Hz and the actual T = 120 Hz



The main advantage of the cartesian basis is that it ailows us to characterize
the evolution of p under the effects of Hamiltonians as retations in different

spaces
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In some cases however, the spherical basis is more convenient than the
cartesian. For instance, it is easy to see that there is no scramblmg of
operators during chemical shift evolution -

I, < Lawk
L + aw t I+ ¥ : Ne mixing of operators
T, 3BSt 1, 4 (B)£21:Se Sm(TE) | 1o He/

Particularly cumbersome to analyze in the cartesian basis ars the consequences
of phase-cycling;. i.e., of systematically changing the phase of an rf pulse.
For instance, Iz gives Ix if the pulse is along the y axis but a different

operator if the pulse is shifted 90 degrees.
By contrast, the effects of phase shifts on p are particularly simpie to analyze

in the spherical basis set. Consider for instance a pulse sequence that acts on a
two-spin systeny; and which starting from Po =Izends up making an arbitrary
state py:

e, U&) ¢

?J_G:) involves delay, chemical shifts, etc. > ey
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We want to find out how p, changes if one shifts the phase of all the pulses by ¢

degrees. It is possible to find out the effects of this phase shift by analyzing
the behavior of each element in the basis set:

IO/ 5°/ IOS",I-#S— , ete .

Notice that a phase shift ¢ in the phase of the rf is equivalent to redefining the
rotating frame according to:

MFZ’&;

From a quantum-mechanical point of view, this rotation by ¢ degrees around the
z axis is represented by a rotation operator
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The behavior of the different coherence orders under the effects df this operator
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Thus, if we expand the state p, for ¢ = 0 in terms of groups of operators Gp
characterized by a certain coherence order p:
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Then, the density matrix py(¢) that will be obtained by shifting the phase of all

the pulses in the sequence by ¢ will‘ be: o e i
W}{d)’ /éz}.{@ Py
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Even when dealing with complex puse sequences, the evolution of coherence

orders Gp becomes very simple fopiarwod ! [
i) It always starts with Go =1z + Sz e sas’.
& Py 7}19 -y
iy The first pulse can only make G.1, Go or G-1//’%; sa b’ ¥

iiiy During free evolution (in the presence of 6hemical shifts or J-couplings)

the order of all the Gp is conserved
iv) If we have N coupled spins, an arbitrary second rf pulse can create all

bencradys coherent states ranging from +N to -N, starting from the Gi1, Go, G-1 created

wngoidy first rf pulse -ipd
:?4 ﬁmé@w 3; F::Zse shifting all pulses by &5  transforms each GF into GF e F /; Ff i/
This means that we go from /E!f@/
g?/ W N when (]5:: 0
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This expression, which looks like a Fourier transform, tells us how it would be
. W%\’M
possible to follow the evolution of a particular coherence order Gp.

Let's assume that we can detect the signals S arising from the time evolution of
all the coherences. Then, by carrying out M = 2N + 1 phase-shifted experiments
and combining the signals according to
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Consider as an example the simplest system: an isolated spin 1/2 subjected to

an rf’pulse (/ZJ\C(T'X /"(f faLs& Caw Onjy H Fietz 3
| e - - —= L, woherence

0 Iy ——> I.é mea netization
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detect (77 (p. 4-4-))
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software



VI.6 PHASE CYCLING IN 2D NMR

Since free evolution after a pulse just consists of certain orders of coherence, a
complete 2D NMR experiment is described by coherence transfer pathways;
at the end of the experiment however, we can only detect the -1 coherence
pathway: we can only see TL(P-].;)Q Thus, to understand the effects of shifting the
rf pulses during a pulse sequence, we have to consider its effects on each of
the different coherence pathways finishing in -1.

If we consider the complete 2D COSY NMR experiment for instarice, and we
assume to have only pairs of coupled spins (i.e., Nmax = 2), all the possible /(7
coherence transfer pathways are:
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Corltls

In general, if we have an arbitrary pulse sequence with several pulses, very
complex coherence transfer pathways can result:
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If the rf phase of pulse i is changed by A(&, , the density matrlxe(df’) changes by
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For a particular experiment of an arbitrary phase cycling scheme, we can group
the rf phase shifts of all the pulses in a vector AC‘O
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and express the final density matrix Q(‘XP ) in terms of the density matrices that .
would arise from the different pathways in the absence of phase shifts as Gral <
Parws/
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Suppose we want to select a particular Q(A? ) using a series of phase-cycled
experiments. We can eliminate other coherence transfer pathways by recalling
from Section II the fact that the signal detected in an NMR experiment also
depends on the phase of the receiver:

S(#) = T (egga ) ei(%; ~Prx)
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In the present case, the NMR selection rule only allows us to detect
(@ }-_l,) the coherence pathway which finishes at p = -1. In other words, the

partlcula Q (Ap ) that we can select has to fulfill §Jfar’(w\%‘ at 7600 awd end n‘ui\
-4 -VN/M/\ . coil foxensis wa/ FM/H// v’g;
2. apy=-) y sortesbe?? T Lol fnies
" o

A=l

We can now use the behavior of the signal arising from this coherence upon phase

cycling:
A Acp)

S(6)= €(8F, &g =0) & ™® o e
X

The condition for adding up this signal coherently throughout the phase-cycled
experiments will therefore become ,
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Note: keep in mind that when phase shifting for each pulse in steps of
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Let's consider once again the 2-pulse COSY. There are 3 coherence transfer
pathways which may eventually contribute to the observed signal:
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Antiechoes give signals of the type C’x‘o (J’_u./,t,) e‘x'o (4', a.Jzi'z)._a peak at {Uhuﬁ
Echoes give signals of the type exp(-j, W, Y | ) SXF( I.wz ’tz )__, Feak a‘i'(_w,)%_

Axial pathways give signals of the type exp ( A W, k _z_>...._’> }oeak a" (O/ \JJz_)

These are the: 3 type of peak one gets without phase cycling. To get rid of axial
peaks it is enough to retain the echo and antiecho pathways. To get also
‘quadrature detection in ty however, we have to distinguish among all these
pathways. In either case, we achieve the goal by phase-cycling. We therefore
write the pul se sequence as Tusr
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In general, phase cyclegact. as a mask: they only leave certain orders of
coherences. By phase cycling ¢ M times between 0 and 2x, one can select
coherences whose orders are p(B) tk-M; k=0,1,2, .. Faask= s /f7ess /5 ofF

&5% i

Thus for instance, it M = 2 => (/5)
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) 5*‘ It is now evident why phase cycling the excitation pulse by ¢ = 0, 2r/3, 4n/3, is

enough for eliminating quadrature ghosts in uncoupled spin systems, where +1
are the maximum orders of coherences.
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We start by keeping S—é' =O fixed (normally this pulse is also phase-cycled in
order to eliminate quadrature ghosts in \)2, ). The behavior of the different
signals with respect to @ 2 :
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A phase cychng Q_ = {0, nr} can ehmlnate the axial peaks but not the quadrature
amage \ ‘
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To eliminate the signals arising from both p,, and py, ¢ = 0, 21/3, 4n/3 is the
minimum phase cycling that can be used. ‘

The phases of the different transfer pathways and of the Ry in the phase cycling:
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The signals arising from the echo and the axial coherence transfer pathways can
be eliminated by adding the signals from the three experiments. The effects of

7
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Increrpneﬁtés of 21:/3 in the phase of the rf are not common in spectrometers,

but increments of n/2 are. Therefore, selection of the antiecho pathway is
usually achieved using ¢, = 0, n/2, =, 3n/2. A common notation for these

quadrature phases is
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Data from these experiments can be used to select the signal arising from either
the echo, the axial, or the antiecho pathways, due to the fact that they gain a
different phase as a function of ¢,: AWRIL, swol REZ, "~
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Where we used the fact that the phase is periodic modulus 4 .

[ The phases of the receiver % x again follow from the basic equation
Box=-AP1- g — 8P, - Zo
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By setting the appropiater ,@'K , one can therefore select
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Recall from what we saw in Section .10 , that the data rearrangement implied
factor can be done by software processing. The selection of

the peak fromr the axial coherence pathway for instance
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VI.7 PURELY-ABSORPTIVE LINE SHAPES IN 2D NMR

Our initial 2D COSY NMR experiment
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yielded 2D slices of the type
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Elimination of the axial peak and quadrature detection along vy were achieved by

phase-cycling out the axial- and echo-coherence pathways. Unfortunately, our
spectrum now looks like this mixedhases  comte  Fre g?a/?é,e RN
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We got these infamous line shapes due to the fact that:

lwztz -
we went from Sm(wnl:.) ¢ : amplitude modulation; non-quadrature

to : phase modulation; quadrature



In general, in order to get reasonable line shapes in 2D NMR experiments recorded

using quadrature ti-detection, one has to ,
i) either take the magnitude of the spectrum and loose a lot of resofution, or

ii) get a purely-absorptive spectrum, an approach which requires the
acquisition of a 2nd 2D time-domain set.

The reason why purely-absorptive expenments are worthwhile L oo/ £ 4G
[dreap Peass)

(b}
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R
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S
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=
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Fi16. 6.5.9. Comparison of 2D spectra presented in pure 2D absorption mode (a) and in
absolute-value mode (b). illustrating the advantage of pure phase spectra for enhancing
resolution. These 2D NOE spectra from the protein basic pancreatic trypsin inhibitor

show only the aromatic region. Both spectra were computed from the same data. with the
same Gaussian filtration, and the contour levels are drawn at 0.15, 0.3, 0.6, 1. 2.5, 5. and-

10 per cent of the maximum peak. (Reproduced from Ref. 6.28.)
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As mentioned before, the key ta purely-absorptive line shapes lies in obtaining
an echo along t1 <=> collect both the echo and antiecho coherence ‘
pathways. v Vo s tr Es)F ectbs Yor> JADE Sl PORTF Ly
Yo Ger Kc’f/ wgwr Fe 1AV (el ts) Town ;(/ ior ,‘fmfsa; )
The 2 expenments that can afford these data differ in the phase cycling they use

to select the coherence transfer pathway:
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These acquisitions correspond to the following time-domain sampling:

echo 2D acwigsrf'lon + anticcho 21 cPuiIsi tion
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By rearranging the data acquired as shown in this scheme, 2D FT would gives»a
signal | |
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=> by applying a large first-order phase correction < 4 and keeping.the
real part only, purely absorptive line shapes A (w,) - A (w;) without the phase

twist are obtained. | [7/ 2/ Y //// //,.//;(, 57 0 Dy //&’f&’
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People do not like to apply large first-order phase corrections. Instead, the
following strategy is followed:

Echo }oaﬂ\wey . Anti- echo }gaﬂx way
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Yase <yge There is more than one way of processing 2D data that yield ta purely-absorptive
o 4ers line shapes. They are all more or less equivalent, and they all require the
Patses acquisition of two complementary 2D NMR experiments.

< 22 |n the case of the 2-pulse H,H-COSY, if we consider that we have to phase-cycle
3} MZ;,fthe first pulse too to eliminate quadrature ghosts along va, we end up with a 32
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G
V1.8 DIGITAL RESOLUTION, SELECTIVITY AND NOISE IN

2D NMR _

How long will a 2D NMR experiment take?

in normal 1D solution NMR one uses acquisition times long enough to
characterize a peak with = 4 points. Thus, for line widths in the order of 1 Hz

Av = 0.25 Hz <=> AT = 4 sec.

Moreover, in order to observe a TH NMR spectrum at, say, 500 MHz, one has to
sample ca. 10 ppm. These leads to dwell times

\ l

= 200 ALs
S/ ~ \Q - S00 Hi /LL

Dw =

Therefore, the number of data points acquired is approximately

N Q}' =20 0Ooo & (6-32 K
= 7

Suppose we try to do something similar in a 2D H,H-COSY, where each point along
the ti-domain requires an independent experiment. Assuming that each scan
takes approximately 4 seconds

=> Experimental time (1 scan/ty point) = 16,000 x 4 sec.
Moreover, since the COSY phase cycle requires 32 scans

=> Total experiment time = 16,000 x 4 x 32 sec. ~ 24 days
Total storage required = 16,000 x 32,000 x 8 = 4 Gbytes/FID

If each experiment would last for so long and take so much space, it would be
useless. "
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The resolution of 1D NMR experiments cannot be extended to 2D NMR

In 2D NMR, line widths no longer determine the »acquisition times along either the
t1- or to-axis. Instead, acquisition times are determined by the fact that 2D
NMR peaks may appear as anti-phase doublets:
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=> if the resolution is poorer than 1 point/J Hz, we will have substantial peak
cancellation. Another hint for acquiring 2D NMR spectra is to focus only in the
spectral region of interest; one seldom needs to scan 10 ppm for a particular

compound. Then assuming J = 5 Hz; 7 ppm @ 500 MHz =>

l = M = » kly/’
EE(‘\// {W‘ AT (1) = 200 ms; NP (t) = 512/ oz ) ;/5“/
)H,; #A‘/’fﬁ A ]'7 A b

One can be more generous along t2 as resolution along this dimension is
"cheaper” (in terms of acquisition times). Typical parameters would be:

AT (t2) = 800 ms; NP(tz) = 2048

We have then reduced the total acquisition time ta ca. 512:32:0.8 s = 3 hs 40
minutes, and the total storage space to i6 Mbytes after zero filling along the ty
axis.
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The resolution of such a 2D experiment is still better than the one of a 1D
experiment with low digitization:
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Sometimes high-resolution in 2D NMR is needed for accurate measurement of
coupling constants. This can be achieved using selective excitation:
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The origin of noise in a 2D FID is not the same as in 1D NMR. In a normal,
directly digitized FID, the main source of noise is thermal and originates in the
probe; this noise affects 5 *2) for a given ty. Along ty however the main source
of noise are instabilities of the instrument over long periodsof times:
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t1- noise is a very serious problem when strong signals (e.g. H20) are present:
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Figure 8.30' With a fairly high mini-
R mum contour level (left) a band of ¢,
—— noise is only apparent for the strong

signal at 28 p.p.m., but by plotting a
- T lower contour (right) it is revealed as
‘& being associated with all signals.
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One can try to decrase ti-noise by using a strong lock signal or by cycling the t1

intervals used according to
[l Se Cle/; ny

scan #1 at t{ = 0, Atq, ..., NAty o fes) Sy, o
scan #2 at t1 = 0, Aty, ..., NAt4 Phese ¢ >
/ [y
/éo’/fdz/,(,

%) L2 W, g

When dealing with homonuclear 2D spectra and square data arrays, ti-noise can
be decreased using a software trick called symmetrizition: discarding data

which is not symmetrically placed along the diagonal:
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FiG. 6.6.5. The effect of symmetrization, cqa (6.6.16). in an absolute-value 2D NOE
spectrum of the protein bull seminal inhibitor 11 A (molecular mass =6500) in H.O.
obtained with the sequence x/2-¢,~ /2~ 1, — x/2—1, with a mixing time 7,=
200 ms. (a) Original spectrum; (b) symmetrized spectrum. Note the prominent ¢,-noise
ridges in (a), particularly the artefacts in the vicinity of w, = 4.6 p.p.m. which stem from
the H,O resonance. (Reproduced from Ref. 6.43.)

Although symmetrized spectra look nicer, they may lead to artificial peaks.
Beware! '

wy l(p.p.m.l



V1.9 GRADIENT ENHANCED SPECTROSCOPY
Vet Guf #ale Loy How) less spmea—
Phase cycling allowed us to obtain purely absorptive line shapes and to
eliminate axial peaks. Because it is a difference method, however, it has

- some disadvantages:

7

i) always needs several scans, even if S/N is not a problem
ii) even a very small error in the cancellation of large sngnals (e.g.,

in H20 supression) leads to large t1-noise

There is a way of eliminating these problems which achieves an aimost
ideal selection of arbitrary coherence transfer pathways in a single scan. It

involves the use of pulsed magnetic field gradi \

A spectrum in T Z Upon adding a linear
a homogeneous Bp %Eetlc field gradient N
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Rotating frame frequency =0 Rotating frame frequency = \/Ge - &
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Upon applying a gradient pulse after excitation:
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The net magnetization at thiend of the gradient &,0 ; P T s
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Typical values: | = 1 cm){G = 50 kHz/em, £ =3 ms => My = 108-104

The signal is almost completely gonet '
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This behav:os can be generahzed to the case of a p-quantum coherence,
which under the effects of a gradient pulse will acqunre a phase
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There are a number of ways by which signals dephased with gradients can

be recovered. For single-quantum magnetizations:
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For an arbitrary change p1->p2 in coherence order the echo happens when
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Coherence transfer pathways are selected according to the ratios between
p's rather than according to their difference (as in phase cycling), but in a.

single scar. o~ ( ) F ) = p WalCh ot r For& <od
P larf ey c harfe S
Disadvantages:
e

/ i) It is difficult to apply strong, fast gradient pulses due to eddy current
/ effects (interaction with magnet, shims and metals)

yd
S

/ i) Gradient pulses can disturb the lock signal
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Example: 2D H,H-COSY NMR

)
’) ConveBtlonal phase cycling (pure phase w/quadrature in 6 scans)
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Gradient enhanced coherence selection (pure phase w/quadrature in
2 scans)
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VL0 MULTIPLE-QUANTUM FILTERED COSY

cancellation among the diagonal peaks
(because of change of sign)

ABa6s pistessive

. . ”/D (ﬁ
The dispersive character of f,m Ftot 506 q,,q,,,ﬁ

the COSY diagonal can produce
F DIV <loss feaps

verlapping with the weaker

cross-peaks (because of line width)
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The origin of this problem lies in the fact that whereas the diagonal peaks arise

from in-phase single-spin operators:
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cross-peaks arise from anti-phase two-spin operators
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The solution to avoid the problems caused by the diagonal is to filter out the
single-spin operators (which don't give cross-peaks anyway) using a multiple-
quantum filtration, i.e., using a coherence pathway that requit§ the
presence of coupling among at least a pair of spin operators. The
resulting pulse sequence should therefore have a coherence transfer pathway of
the type:

Double-quantum filtered (DQF) H,H-COSY TQF H,H-COSY

o)t 2 These

7
)_,

/

|
L
!
!

7
=== e

Yk & wans ’ £ &7 bounconfen S e
Anils € - z/ /s ﬂ%d f/é;/(‘} Doy 7 See, rher poarip
: Shor Tl m5S £/
crandy Loels [ Ve s/inss
a (4
1 ’ pﬁ/ @ 5&5/56723 Q. <, M
——— \ both coherence transfer pathways have to be kept to get purely
- "‘J absorptive lineshapes F po Flrers b By 6/ab . o Mage
ce)el w o

The length of Z is very short, typically = 10 ps; just enough to make a good rf
phase shift.
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Let's compare the transfer diagrams of conventional H,H- and of DQF-COSY

experiments for a pair of coupled spins:
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" Note that in a DQF-COSY both diagonal- and cross-peaks come from anti-phase
two-spin coherences; therefore, they are both absorptive and give antiphase
doublets with respect to the active coupling (as always, there are in-phase
splitting due to the passive couplings).

Note also that there is a 1/2 factor involved, and therefore the transfer is only
50% as effective as that of a normal COSY. This loss of sensitivity however, is
more than compensated by the fact that the diagonal is no longer dispersive:
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Figure 8.37 A comparison of normak
phase-sensitive COSY (left, same data as- / PeF cos r |
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Figure 8.27) with DQF-COSY (right)
The tremendous clarification of the: cesy
diagonal region of the latter spectrumy \

" 'more than compensates for the theoret~ Zab Y. c4 a€ 25 /?

. ical loss in sensitivity in this experiment.
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DQF-COSY is one of the most useful techniques for determining J-couplings even

when they are very small. It can be used together with the Karplus equation to
get information about molecular conformations.

Double-quantum filtering is implemented by phase cycling, There are 3 pulses =>
in principle there are 43 = 64 possible combinations.

The first 16 (i.e., with @zo )
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-Actually,'both normal COSY as well as relayed (i.e., indirectly coupled) cross-
peaks are observed in the final spectrum:
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- A completely different strategy is used during a TOCSY (TOtal Correlation
SpectroscopY) experiment for obtaining cross-peaks among inderectly coupled

sites. The ideal mlxmg /penod Hamiltonian of a TOCSY NMR experiment is:
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All chemical shifts are gone, thus transforming all systems of coupled spins into
the type AA'A"...; a simple (although not the optimum) way of minimizing the

effects of the chemical shift evolution is using a train of & pulses
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Since the transfer involves amplitude modulations, purely-absorptive line ¢
shapes can be obtained. During the mixing there are "modes" of coherence

transfer, the resulting spectra are similar to those of relayed-COSY:
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VI.14 CROSS PEAKS AMONG INDIRECTLY COUPLED SPINS £yt

RELAYED COSY AND TOCSY NMR EXPERIMENTS ﬁ_ﬁ' \\
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So far we have only considered experiments where coherence—i ed S Ay

among /pairs of directly coupled spins. These experiments however do not K"‘:f’”
identify systems of coupled spins, a valuable information when trying to assign e
for instance the origin of resonances in peptides:
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Suppose that we have a three-spin system {1, 2, 3}, with J12 =J23 #0;J13 =0
A COSY spectrum yields cross peaks between 1 and 2, and between 2 and 3; but
doesn't give cross-peaks between spins 1 and 3. Consider however the transfer

diagram of the following sequence:
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VI.12 MULTIPLE-QUANTUM SPECTROSCOPY: THE
INADEQUATE EXPERIMENT

We saw how multiple-quantum evolution can be used as a "filter" to simplify
multi-D NMR spectra. Multiple-quantum spectroscopy attempts direct
observation of the multiple-quantum coherences, by correlating them with the
single-quantum coherences that originate from them. The scheme of multiple-
quantum spectroscopy:

, - :
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n 7 X . Vq o
I%"“F ?‘ evolution-14 \Sthale-q’uani’um U/ £,
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A simple way for correlating double- with single-quantum coherences in 2, ., 0
7 ,{0%

homonuclear systems is by using the INADEQUATE (Incredible Natural
Abundance DoublE QUAntum Transfer Experiment) sequence:
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The n-pulse in the pumping allows us to disregard the effects of chemical shifts.
The transfer diagram for a pair of spins then becomes $ 7o T
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There are no splittings along the double-quantum dimension; pairs of antiphase
doublets are observed along the single quantum dimension:
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This experiment is usually used to extract molecular connectivities from r:atural
abundance 13C NMR spectra: the probabilit.y of flr:?ing 3.137%-13(3 pair isN\o/OOO ’
small but observable. The spectral analysis: [ ™= , [ "~ -~ —
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sition time in 1, was about 30 ms (256 P |
increments with a spectral width of 9 5 3 ’ I P
lgHz; 128 scans per increment). Residual ‘ e |
single-quantum signals are visible along 9 d ’ i
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the average aliphatic C-C coupling, the . ! '
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In 13C NMR, single-quantum coherences evolving during t; appear as artifacts. In
TH NMR there are usually more than 2 coupled spins in a system, and the

spectrum becomes very complex.
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VI.13 2D HETERONUCLEAR CORRELATION SPECTROSCOPY

The first pulse sequence that we analyzed when investigating heteronuclear
coherence transfer, can be transformed into a 2D NMR experiment useful for
elucidating which 1H is bonded to which 13C in a molecule:
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23
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This sequence is equivalent

R e s .
T: } / ‘ A-astq to the first H,H-COSY
sequence that we saw
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Of course, much better schemes can be implemented for obtaining coupling-free
spectra and purely-absorptive line shapes.



In particular, both the INEPT and DEPT make good starting points for 2D H,C-

correlation NMR experiments.
- (toron -5,
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This sequence has the drawback that the H chemical shifts evolved during A =>
it's difficult to get purely-absorptive phased spectra.
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No chemical shift evolution is present for t = to = 0!
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2D heteronuclear COSY's are extremely powerful tools for spectral assignment,
structural elucidation, and for enhancing the spectral resolution of 1H NMR.
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FiG. 8.5.4. Molecular structure of the hexapeptide cyclo [Phc’-D-Trp-Lya(Z)-'I'ht-l’hc"-
Pro} and heteronuciear proton-carbon shift correlation spectrum. abtained with the
sequence of Fig. 8.5.3(c). The 1D proton spectrum is shown on the left, and the
proton-decoupled carbon-13 spectrum on lop (aliphatic region only). Note the peak-
shapes that appear clongated in the vertical w,-dimension because of ill-resolved
homonuclear proton-proton couplings. Many signals that are well-resolved in the 2D
spectrum overlap in ¢ither of the 1D specira. (Reproduced from Ref. 8.88.)
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Figure 9.4 Proton and carbon spectra
of compound 1. The carbon spectrum

- was acquired using DEPT (400 scans).
on the same sample used for the HSC

experiment in the following figure.

Figare 9.8 HSC spectrum of 1 (128 ¢,

increments for an acquisition time in.

that dimension of 76 ms: 192 scans per
increment). The proton assignments (de-
rived using COSY in the previous chap-
ter) are marked. In the crowded central
region it is a little difficult to identify
relative proton shifts from the contour
plot. but these were readily measured by
examining vertical slices through the
spectrum. The assignments of H, and
H,’ may be interchanged.
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VI.14 INVERSE SPECTROSCOPY
Vacsr fo/  Yerios ex/t ,
Consider a heteronuclear spin pair H-X, where one of the spins is a proton and
X = 13C or 15N. To observe the time-domain NMR signal of X, we started with the
simplest experiment:

direct excitation
clrect

X . AJ—‘ direet ::‘efecﬁon

e ——————

Cék&i‘éncé ' .——\_—-/7
g [ s

Cxertation X slanal aCﬁ?- ‘ane Eﬁ/

and got a signal Sd,¢ from which the spectrum could be obtained. Then, by making
an INEPT-type sequence, we saw that in terms of S/N at least a factor XH / ()’X
could be gained due to the fact that the equilibrium magnetization of 1H is larger

than the one from the X spins:
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Tl

H - __\ hverse excitation
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Even further sensitivity enhancements can be achieved if the X-spin/evolution is
transfered back to the protons and detected at the TH NMR frequency:

cat A

7’»?’» ASZ Jg/,( N ad becons

e T
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The main drawback of this kmd of mverse spectroscopy is that the signals from
the overwhelming majority of the protons (which are not coupled to any dilute X
spin) have to be suppressed very effnc:ently This problem can be alleviated by

two means: | cly =2 42
i) Inserting a BIRD-type pulse to excnte only protons bonded to active X
spins.

i) Using multiple-quantum H-X coherences for monitoring the chemical
shift evolution of X during t1. If no active X spins are present, no 1H signal
during t2 should result.
A simple way of implementing these type of inverse experiments is using the H-
detected Meteronuclear Multiple-Quantum Coherence (the HMQF) pulse sequence
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V1.18 EXPERIMENTS INVOLVING TRANSFER OF Z-
MAGNETIZATION; 2D EXCHANGE NMR

Let's consider again the pulse sequence that we used for the DQF-COSY
experiment, but this time focussing on a different coherence transfer pathway:
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If we have a system composed by uncoupled spins, this is one of the few 2D NMR

sequences that can be understood using the classical magnetization model.
Indeed, since in these systems the zero-coherence pathway is actually

equivalent to z-magnetization, then T ) S e
7’

Mo e { ! T,
Wity
F%”:::
S }
S )“

V77 &7/5

( Leaev P28)

r/;«.( &

Wt,
gg} ‘.///73 beFory 24%’/"”///’/&/ 7 %ﬁ/é/ éah/,ﬂr’”’f’p 7o 5‘//1/64,
YA haVe ﬂ[ewz-wwé F corve) Fleg of £,-

/}?0/@/ £ ta-45



If the precession frequency of the spins does not change during the mixing time
Ty, One gets a 2D NMR spectrum where peaks appear at frequencies oy = @2 (_i.e.,

along the diagonal). The precession frequency can change however if one has a
site undergoing an exchange process in the slow-exchange regime:

site A <—\—<—————“—— site B k < ‘\?A-Vg\

Then, during the mixing period (which can be in the order of 0.1-1.0 sec):
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The 2D NMRE spectrum obtained by #T-ing the signal S(t,t2), gives a map of
the sites coupled by the chemical exchange process. Moreover, in simple
cases (equally populated sites, linear approximation for the exchange, etc.), one

can get an estimate of the exchange rate from the ratio o
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An example of how this information can become available from the 2D spectra
appears in the behavior of the heptamethylbenzonium ion

RS 1,2 methyl shift
Cee O,/,b[ = o = =" taking place in 9.4 M
H2S04
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' Fic. 9.8.2. Two-dimensional exchan -spectrm- of V otons’ i heptamethyiben-
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The phase cycling required for this 2D exchange NMR spectroscopy sequence
depends on what kind of system we have and on what kind of line shapes we want

to observe
i) If we have no spin couplings
-. - a Ap = 2 mask (i.e., phase-cycling involving rf phase shifts
of 180°) is enough ~2 7 F
ii) If we want purely-absorptive line shapes, we have to keep both +1
coherence pathways during t1 ety Gave T/ cof S

" eas) o)

-1
Ap==1 Mpy=¥1 Bps=-l



A good approach is to keep the phase of ¢3 constant, so that magnetization
which doesn't come from Ap = 1 during t1 cancels out
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iii) If in addition one wants quadrature detection in t1, the +1, -1
coherence pathways during t{ have to be collected independently.
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VI.15 NOESY AND 2D ROESY NMR EXPERIMENTS

Most remarkably, it was found that when the 2D exchange NMR pulse sequence
also was applied to molecules in which no chemical exchange processes were
taking place, cross-peaks among proximate sites could still be

observed! l
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Fig.9.3: NOESY spcctrum of a DNA oligomer - . x PR 4 9 I3 LA R
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Cross-peaks at a frequency (wa,og) in this 2D NMR experiment must have come
from magnetization of site A which was precessing at a frequency wa during t1,
was transferred to site B during the mixing time, and started to precess at a
rate wg after the 3rd pulse. This transfer occurrs via cross-relaxation,
the same phenomenon which originated the NOE. Indeed, recall that the

- longitudinal relaxation of two proximate homonuclear spins I,S was given by:
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Since the magnetization brought into the z-axis during the mixing is not in
thermal equilibrium, it will relax partly into S and partly into | magnetization.

This will originate a cross peak between the chemical shifts of sites | and S.
The ratio between the diagonal- and the cross-peak intensity is a function of ‘tm,

of the spatial distance between the two sites, and of the correlation time 1¢ of

the vector connecting the sites which in turn controls the value of the relaxation
rates Wi's. A plot of this latter dependence:
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This type of NOE SectroscopY (NOESY) is very useful for determining *eﬂ—@rzy

. structure of bio-macromolecules, as cross peaks depend on spatial proximity
and not on the number of intervening bonds:
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F1G. 9.7.4. Contour plot of a symmetrized. absolute-value S00-MHz 'H | NOESY spectrums:
of a 0.02M solution of basic pancreatic trypsin inhibitor (BPTI) m D0, pH 46,
T =36°C. The spectrum was recorded in ~6 h, immediately after di

DO, »Mnﬁmmmemhbdemthemofﬂomm

amide protons are scen between 7 and 10.6p.p.m. In the lower right triangie, three '
spectral regions of interest for sequential resonance assignments are outlined, i.c. the
regions where NOE connectivitics between different amide protons s --). between amide

protons and C* protons (. . . .) and between amide protons and C
usually observed. In the upper left triangle. the assignment of orie of cach of these types:
of connectivity is shown (C = cysteine. F = phenylalanine, M = methionine. R = arginine.
Y = tyrosine) (From Ref. 9.30.)
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This technique however, has two important drawbacks:
F O-cevfs , co TS B TA, £ @R Cof T

|)hl.n coupled ;pin systems zero quantum coherences originate cross-peaks
which, although not related to relaxation effects, are very similar from the

ones arising from the NOE:
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They can be distinguished from the NOESY peaksby their 1y dependence:

FiG. 9.7.5. Two-dimensional NOE spectra of basic pancreatic trypsin inhibitor (BPTI) for
five different mixing times To. A blow-up of the region 3<w, <6p.p.m. and § £ w> €
10p.p.m. is showm. Abbreviations: C =cysteine. F =phenylalanine, Q= glutamine.
R = arginine, T = threonine, Y = tyrosine. The blacks peaks are due t0 zero-quantuse:

coherence (so-called *J-peaks’, discussed in §9.4.2). (Adapted from Ref. 9.15.)



Moreover if a & pulse is inserted at a time A during the mixing time and this
period is allowed to change randomly from scan to scan
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then the modulation of these peaks becomes Cos [(w ws) (gmcil})]

a random number whose average is zero. -
e
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i) Another problem: the cross peak changes sign at a certain correlation
time
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A solution to this problem is to carry the NOESY experiment into the
rotating-frame, relying on T1p cross-relaxation instead of on Ty effects.

The resulting Rotating- frame nuclear Overhauser Effect SpectroscopY
(ROESY) pulse sequence:
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It can be shown that cross-peaks in ROESY are always negative with

respect to the diagonal. This makes ROESY the preferred technique for
medium-sized molecules: o
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Fig. 40. Section from a 300-MHz ROESY spectrum of cyrio(-0-Pro'-Phe’-
Phe'-Pro®-Phe*.Phe®-) in [DAJDMSO, 320 K, A pulse angle 24°, mixing time
200 ms. The molecule is present in two conformations. The exchange be-
tween them is evident from the positivé cross signals (black). NOE effects
between NH signals give rise 10 negative (red) cross signals (F*-F’ and F*-

F*). Phenylalanine = F, [ (the major isomer is labeled with capital letters).
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VI.17 PROBLEMS

1) H,H-COSY: Analyze the complete time evolution of the density matrix terms
arising from spin 1 (i.e., starting from (’0' = I,z_' ) in a (n/2)y-t1-(n/2)y-t2 COSY
experiment, for a pair of weakly-coupled spins. Classify the resulting operators
into populations, zero-quantum, single-quantum (in- and anti-phase) and double-
quantum coherences. Calculate the final transfer function arising from these
terms. Using symmetry arguments calculate the transfer functions that will
arise in the same experiment from spin 2. Indicate which terms will originate
peaks in the actual NMR experiment; schematize the total 2D COSY NMR spectrum
and the line shape of the peaks in it.

2) For the following molecule:

assign the origin of the different peaks in the 1D NMR spectrum







using the connectivities established by the COSY spectrum:
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Justify.

3) /i)/Given a pair of spins I-S, expand the following spherical operators in terms
of the corresponding cartesian operators

I, -
Iso =
1,5

T,5,

/"r{ Calculate ther evolution of the operators in i) under the effects of a chemical
‘shift Hamiltonian “Fheg = —Wg Sa- W Ta

)W)/ Calculate the evolution of the operators in i) under the effects of a J-
coupling Hamiltonian 4= JIz2Sz2

M Calculate the evolution of the operators in i) after applying a n/2 rf pulse
along the x-axis. ww Fgds /7 of Tusr F7

Express all the results in terms of spherical operators.







) f

. C 2
/ Calculate the effects that a ¢-rotation around the z-axis ( i(527 ¢
has on all the 16 elements of the spherical operator basrs set for a parr of spms

/Z{Given 3 coupled spins and a two (n/2)-pulses séquence -
L7 <n7&)z

HRE

Describe the phase cyclings of ¢,, and the treatment of the signal required for
selecting the following coherences at the end of the sequence:

Pfinal = -2, 0, 2
h pflnal = '31 "19 1’ 3

Given a state evolving as an |,Sz coherence, find the transfer functions to all
the new coherences that are created by a (n/2)x pulse.

Demonstrate that given a multispin coherence, n-pulses are the only type of rf
irradiation that do not create new coherences (they just invert the sign of the
existing ones).

8) Cpherence pathways in 2D NMR: Calculate how the data sampied by the
two / ADCs of an NMR spectrometer in the following experiment:

S m)y (%usgr k)

] t, - — I [\ Ao

INAWN L
54

have to be rearranged in order to get a 2D COSY NMR spectrum with quadrature
detection along-—v4. o B
i) For the case ¢ = 0, 21:/3 41r/3
ii) For the case ¢ = 0, n/2, m, 3n/2
iii) How should the data from experiment i) have to be rearranged in order
to collect the echo coherence tr%gfer pathway? '
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given two sets of time-domain 2D COSY data, one in which the echo andthe -
other in which the antiecho pathways were acquired, calculate the data
processing necessary for retrieving purely-disperﬁingme_MR line shapes.

[N

}p/ ) Phase-cycling in 2D NMR: Calculate the phases ¢1, ¢2, and ¢Ry

N (B (% )
ﬂ mw qiwtz

~required for acquiring a phase-sensitive 2D H,H-COSY data set with quadrature
| detection along vi. Specify the coherence transfer pathway collected in each -
‘experiment.

[ ——

>() Mark the cross peaks in the following symmetnzed 2D COSY NMR spectrum of

CHCI3, CHZCIg mixture. % T
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e ,
12) DQF COSY: For the following NMR sequence:

Or/z);z, (%) Tr/&)?ls
Jj -f \ [ l\ s

@ Write the transfer function that characterizes the line shapes of dnagonal- and
I\ WWQ& cross-peaks arising from a pair of coupled spins (assume for the sake of
oum;: simplicity ¢3 = x; ¢1 and ¢2 chose so as to cycle out everything except

In-Iu- B I.-I -

€Mlxlh%

[n: Calculate the ¢Rx involved in the flrst 16 experiment of the phase cycle,
where 61 =0;¢2,63=0,1,2,3.

wn Given 3 coupled spin-1/2 Iy, l2, I3; J12, J13, J23 non-zero; calculate the
transfer functions originating the cross-peak at (v2,v3) in a DQF COSY

experiment. Schematize the phases of the multiplet observed in the spectrum.
The sfai A ﬂ/é} woal] wolk
' 13) i) Demonstrate thatfphase increments in the last rf pulse of a TQF—COSY have

AL T uto be 0, n/3, 2n/3, , 4n/3, 5n/3. W
¢ 3 ii) Calculate the coherence transfe unctions of diagonal- and cross-peaks in

TQF-COSY.
Calculate the efficiency of the coherence transfer process among
indirectly coupled spins in a relayed COSY experiment, as a function of the

mixing time A.

15) The INADEQUATE experiment: Given the basic INADEQUATE pulse sequence
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i) Calculate the receiver phase required for observing the evolution of double-

quantum coherences during ti. |

i) Calculate the optimum duration of A for a given J.

i) Calculate how many peaks will appear if this experiment is carried out on a
3 spin homonuclear system ly-l2-I3 in which J12 = J23 = J, J13 = 0. Specify the
resulting line shapes.

iv) Schematize the spectrum arising from a 4 carbon linear chain.

A compound with molecular formula CsH10O affords the following 1D and 2D
INADEQUATE 13C NMR spectra:

Lo
’a)(} FAN

%L

s
AN *Lu{Wé Y .
e d TS o P o

N:bijif quAtASA.

. o ‘é:
S

L —

PPM  gg

Upon recording a 'H-coupled 13C NMR spectrum, peak a appears as a quartet, peak
b as a doublet and peaks c-e as triplets. Deduce tie structure of the compound.
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}/4) Heteronuclear COSY: Given the basic H,C-COSY pulse sequence

A - Ts
i H———t.——jj‘
— 7,
BC . ' , —_— t >

i) Evaluate phases of the rf pulses and of the receiver required to obtain a 2D
NMR spectrum with ti-quadrature detection and with absorptive line shapes.

&4 ii) Describe the 2D NMR spectral line shapes afforded by such an
experimet.

Giveﬂ!én isolated 13C-1H pair of spins with chemical shifts w¢,0s and
coupling J, calculate the transfer function originating the cross-peak among
these nuclei in the 2D-INEPT COSY and in the 2D-DEPT COSY.

19) Heteronuclear relayed COSY: Whereas the normal INEPT-derived H,X-
COSY experiment

‘ %! /2.
R 1, e Ay —nl .
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correlates resonance between directly-coupled spins, the H-relayed H,X-COSY
sequence: ' N
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gives cross-peaks among a 13C and a system of coupled protons.
i) Explain how the modified pulse sequence works.
i) Compare the spectra that would arise from the normal and from the relayed

experiment for the system

cA_c

FS

c >
—-C-C

p

3

) C

| \ I ¢ C 1B

Ho HL He Hy LI )
a ) ° @ QB
o e YA
\.V } | : i
b W, Y= Yk '
< Q/ =+

0) Homonuclear H decouplmg in H,X-COSY: Although the (n),;\ pulse in the
center of the t1 evolution achieves heteronuclear decoupling along the 1H
dlmensmn of the H,X-COSY, couplings between the 1H g@gpged to the 13C and its
neighboring protons still show in the spectrum.

The system under observation M
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It is possible to achieve homonuclear decoupling during t1 by inverting the spiﬁ
state of all the protons not bonded to a 13C at the middle of the evolution period

(172)

N |
Ho TBT\ \ l HCL T‘O 23
13 12 ' !2
r. c—=< \ tJ, Evolution of Ha spins is
‘ exclusively due to its
ﬁti/a 7;;2«\15&?@1'0-«H /Z-'_'-"'> chemical shift
S dleg |

A 1H =-pulse selective to the carbon spin can be implemented using the BIRD
(Bllinear Rotation Decoupling) sequence

VA (FTL){A o G
T= e e =2 g s -

. -T Tyl
1 - %3(/ \jg,ﬁ{; ;{g g

i
e,

i) Explain how the BIRD sequence works. S e
i) Show how BIRD can be included in the standard INEPT-type H,X-COSY sequence
to yield the v{-decoupled experiment.

21).i) Calculate the transfer function originating H-X cross peaks in the basic
 HMQC pulse sequence used for inverse spectroscopy. ,
i) How would you modify this pulse sequence to include in it a BIRD-type
selection of the protons bonded to active X spins? |

- 22) Calculate
i) the complete phase-cycling of the rf pulses and receuver
and
ii) describe in detail the data processing
involved in the acquisition of purely-absorptive 2D exchange NMR spectra with
quadrature detection in uncoupled spin systems (Ernst. Ch. 9).
wir e
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23) In the:COCONOESY (COmbined COsy and NOESY) experiment two sets of 1D
data are acquired per scan; processing of these data sets gives a 2D COSY and a
2D NOESY spectrum. How would you implement this experiment using the
standard: 3-pulse 2D exchange sequence? What would be the limitations of such
an experiment? | -

24) Explain the ongln of the dlagonal peaks and the dependence of the cross
peaks intensity with mixing time in the following 119Sn NOESY NMR spectra of a

1:1 SnCl4:SnBrg solution.

10 msec

40 mse¢

L2z

O w, peMe 22 "6 W, (PPM) 22

Fic. L. Tin-1192D absolute-vatue-mode NMR spectra of a |: I M misture of SnCh and SﬂBl’. ai 340 K»
and 186.4 MHZ 2sa funcuon of the mix time, rm.
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25) Explain how the following gradient-enhanced sequences a%ieve the

desired ‘coherence transfer selection, specifying the lengths' that the
gradient pulses should have and the coherence transfer diagrams

i) DQF-COSY; echo pathway selection
| 2 ¢!

e

G,Eq G«-G\ 6262

i) DQF~CO§,§/; echo+antiec Zca %c_lthw% s (amplitude modulation)
. r£ N i {1 ? -1,—>

e

G1 Gf 22

iii) HMQC’ echo orantlecho pathway selectlon
TR

I LN
. S

G
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