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A method tor obtanmung NMR spuctra of organic hquids free of J-couphngs is described The coupling between a proup
ol equn alent protons and an adjacent P C 1ets as a local decoupling field for the protons A pure chemical shift spectrum
of ethanol 15 presented and possible applications to strongly coupled systems are discussed

1. Introduction

Cifective broadband proton homonuclear decou-
plhing 1s a longstanding problem n the NMR of mole-
cules m solution The scaler nature of the homonuclear
J-coupling renders meftective the muluple pulse se-
quences wlhich remove homonuclear dipole couplings
in soitd state NMR [ 1=3]. In weakly coupled systemns,
methods of homonuclear decouphing are known. Spin
uckling with a weak rf ficld [4] 1s possible for well-
resolved muluplets. The method of J — § spectroscopy
{3] allows extraction of pure chenucal sluft spectra
in weakly coupled systems by manipulation of a two
dimensional data array without actual decoupling
duning the evolution peniod A sinular method, which
allows the recording of homonuclear decoupled absorp-
tion spectra without requinng the collection of a two
dimensional data array, has also been described [6]

In order to decouple a group of equivalent spins from
dll of 1ts neighbors, one must be able to single out and
manipulate that group ndependently of other spins
in the system. In this paper we describe a means for
homonuclear decoupling of protons in systems of sev-
<ral protons (£ spins) and a randomly posttioned 13C
(S spm) such as is encountered in natural abundance
studies of most organic molecules The heteronuclear
J-coupling between the protons and the carbon spin
serves to distinguish the directly bound (satellite)
protons from all others. The 13C nucleus can be thought
of asalocal decouphng field capable of nutating those
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protons to which it 1s coupled. The interaction is a
product of the / and S spin angular momenta and the
method described here 1s termed bilinear rotation de-
coupling (BIRD)

2. Example of homonuclear decoupling

As an 1llustrative example, fig. 1 shows the results
of the decoupling experiment performed on samples
of 95% ethanol in water. In fig. 1a1s the famihiar pro-
ton spectrum of the methyl and methylene groups In
fig. 1b we observe these same proton multiplets super-
imposed upon the much larger splittings due to scalar
coupling to a 13C nucleus in an isotopically enriched
sample. Fig 1c illustrate the BIRD spectrum of the
same sample. All multiplet structure has been col-
lapsed, while the chemical shufts are accurately pre-
served in the posttions of the resulting singlet Lines.

In recent years the indirect spin—spin coupling
between nearby heteronuclear spins in liquids has been
used to perform a variety of useful site-selective ma-
mipulations. The problems approached include- the
transfer of magnetization from one spin species to
another [7—10], creauion of heteronuclear multiple
quantum coherence [11,12]; observation of 13C satel-
lite proton spectra without interference from the 12C
containing groups [13,14], and the creation of non-
equihbrium population distributions (J order) [9,15,16].
All of these experiments resemble one another in that
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Fig 1 Protun NMR spectraat 182 MHz of ethanol tllustrating
removal of J-couplings by BIRD Samples were spun horizon-
tally at 60— &) Hz 1n a vertical superconducting magnet with
a hornizontal solenoid r f coil The linewidths are domunated
by residual magnet inhomogeneity (a) Normal spectrum of
the methyl and methylenc protons of unenriched ethanol in
CHCl3 (1.2 V/V). (b) '3C satellite of [o-!3C] ethanol and
[6-'3C| ethanol in CHCl3 (1 1 4 by volume, 90% 1sotopic
punty at the labeled position) Suppression of magnetization
from non-13C-bonded (non-satellite) protons was achieved
by the method of ref [13] (c) BIRD spectrum of the 13C
enriched sample used 1n (b) acquired using the pulse stquence
of fig. 32 Non-satellite magnetization has agamn been sup-
pressed Allmultiplet structure has collapsed, vielding singlet
lines at the respective chemical shifts of the methyl and
methylene groups

they nvolve sequences of several strong rf pulses of
nutation angle /2 or 7 applied to one or both spin
species separated by periods of free evolution on the
orderof 1/./,_5-, the inverse of the heteronuclear coupling
between the spins of interest. The method of homo-
nuclear coupling described here is related in this regard.

3. Theory of bilinear rotation decoupling

To understand how the local ficld of the !3C spin
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g 2 Biltnear rotation pulse sequences Strong proton xf2
pulses and periods of free evolution combine to produce
propagators of the form U(r) = exp(- 'JIS’ S-t) where p = x,
» ‘,IS" 2rJyg These Lorrespond to rol.luun about the nrolon
p-axis, with the nutation angle given by the produu JIS’
Strong = pulses on both spin species serve to remove luun.m
tenns from the ellective propagators tor the sequences (a)
Simple bilinear rotation about the proton v-avis Choostng

1 =4r = 1Jjg results in a nutation angle of = (b) Compen-
sated bilinear rotation produced by alternate rotations about
the proton ¥ and v aves T or a 7 rotation, 47 1s Jhosen equal
to l/.ll?g tor some representative heteronuclear couphing ‘II?S'
This sequence 1s much less sensitinve to the exact value ot JIS
thanis(a) This allows good bilinear as to be given to proton—
carbon pairs with a range of couplings Jy¢

can be used as a decoupling {icld, we need the concept
of a bihnear rotation The hanultoniun describing the
coupling between a proton and a F3C nucleus may be
written n rad/s as

s =Jsl:S: (1

where JI:S‘ = 2nJyg. When sandwiclied between a pair
of strong m/2 pulses on the protons, this hamiltonian
produces a propagator of the form

ur@) = exp(—iJI:gIP S.1). p=x.v, ()]

which we recognize as describing a rotation about the
proton p axis We term propagators of this form sunple
bilinear rotations, with the quantty %J,'Sr playmng the
role of the rotation angle. In particular, when r = 1/Jy¢

the propagator in (2) acts hke a4 7 pulse applied to the
satellite protons. The pulses required to form a simple
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bilinear rotation are shown n fig 2a. Thus 7 pulses
apphed to both spin species at the midpoint of this
sequence serve to make the action of the bulinear rota-
tion insensitive to resonance offsets and chemical shifts
of either / or S.

rmmlpd systems

4 Weakly coupled systems

A single bilinear rotation s sufficient to cause homo-
nuclear decoupling in weakly coupled systems Such
systems are charactenized by chemical shifts and trun-
cated homonuciear spin—spin couplings
) !
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Labelling the satellite proton as k, we can write the
etfect of a bilinear m rotation as

I o _ I . (A~
Lok =L (42)
ly—~1,, 1#k. (4b)

I this bilinear = 15 followed immediately by a strong

proton 7 pulse, the overall effect 1s to flip all protons
except the one bonded to the 13C.

Fig. 3a illustrates the use of the bilinear 7 pulse
and an adjacent strong proton = pulse to give the sim-
plest BIRD pulse sequence. The box labelled U;T‘r repre-
sents cither the puises of fig, 2a or of fig, 2b (de-
scribed below). The expenment is two-dimensional in
nled {at the ad hy

oint indic
H ted by

mniinaica

that the cmnnl 1S sam

LS 41 mp:cQ &t

the brol\en line) as a function of ¢, which is incre-
mented on successive shots. Fourier transformation
with respect to 1 gives the spectrum of fig. 1c.

In a toggling frame representation [1—3], a homo-
nuclear coupling term Jy;. 7, I, during the first pe-
riod ¢, /2 becomes — ,'k LIy In the second period
t2. lhe average hamiltonian {1-3] for this spin—-
spin coupling 1s zero. Similarly, the heteronuclear cou-
phing vanishes. The chemical shift terms e, /. for the
satellite protons are, however, preserved Two alter-
native representations of this expeniment using, re-
spectively, energy levels and magnetization vectors
are given in fig. 4.

It should be pointed out that in coupled spin sys-
tems. the pulse sequences of fig 2 do not produce
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Iz 3 Pulsc scquences tor removal of J~couplings by BIRD U.fr’ represents a bilinear  rotatton about the proton p-axts while .
Tepresents a st.ong proton o pulse of phase p (a) A single bibnear nfstrong 7 combination 1s sufficicnt for decoupling a weakly
voupled system [ or the spectrum of fig 1¢ o compensated bihinear rotation (fig 2b) was used as X, A single point 1s sampled
at the ume £y and 7, 1s incremented on successive shots The iitial 'H /2 pulse was preceded by a second blllncar rotation se-
qu\.me for suppnsslon of non-satelhite mngnetlzatlon [13], as described 1n the text Shown below the pulse sequcnce 15 the tog-

Z I A
=X YZ.(BA

5uub ||u|||\. Vuluh UI the l.uupullg, l: Z.’\. LLI.\“:;II SJICIutC and non-salellitc plUlUll) lllC noiation I)l ,l
mimmum of four bihnear =f{sttong = combmnauons are nceded for decoupling strongly coupled systems. Shifts in the bilinear rota-
uon anis are efficted by shifting the phases of the proton pulses The toggling frame value of the proton—proton coupling (/- I;.)

n the windows beiween rotations 1s shown below the pulse sequence The average hamiltonran, formed by summiang these togpling
trame values, 1s scen to be zero

— Db
=PP P=
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Sequence IS Levels I I I' Levels

Fig 4. Schematic representations of BIRD using encrgy levels
and magnctization vectors A satethte protonisindicated by /[,
while 7’ represents a non-satellite proton The sequence be-

gins following a #/2 proton pulse with the proton spin vec-
tors n the xy planc (1) Frec cvolution of the system fora
time 7/2 (2) causes precession of these veciors duc to the
chenucal shift and heteronuclear coupling (3) A strong pro-
ton = pulse (4) rotates the magnetization vectors 180° about
the pulse axis (5) I or the 7 spin this also mterchanges the
identity of the spin vectors with respect to the '3C. The bi-
hincar 7 rotation (6), felt only by [/, rotates that spin’s mag-
nctization vectors back, without interchanging their identi-
ties | rec evolution for an additional trme £4/2 (8) bangs
these two veetors back tnto line (9) with preservation of the
1 spin chemical smft (67) and without broadening due to cou-
pling to other protons The I' spin chemical shift (5;+) has
been removed by this sequence; the final width of 1ts spin
vector reflects the preservation of coupling to other protons
not explicitly included 1n the energy level diagrams

pure bilinear rotations. This is due to the presence of
couplings between the protons during the bilinear ro-
tation. Although a potential source of residual broad-
ening, the effect of these homonuclear interactions is
expected to be small, being scaled down by the much
larger heteronuclear coupling, J;g. The spectrum of
fig. Ic demonstrates the validity of neglecting the
homonuclear couplings during U?.
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S. Suppression of lines from cacbon-12 bonded
protons

In practice, a means 1s needed of suppressing mag-
netization from protons not adjacent to a 13C. This
was done by adopting a recent method, due to Freeman
et al. [13], which iiself 1s easily understood in terms
of a bilinear rotation. In this method two experiments
are performed and their signals combined to give pure
satellite spectra such as fig 1b. In the first experiment
a bihnear rotation served to align the satellite and non-
satellite magnetizations antiparallel before the FID 1s
recorded In the second, the rf pulse on the 13C s
omitted and the magnetiZations start out in phase.
Subtraction of the two signals suppresses the non-
satellite signal. The same trick 1s used to obtain fig. Ic,
but here the BIRD sequence of fig. 3a follows the ni-
tial preparation of the magnetizations.

6. Compensated bilinear rotations

In rotations of the type we have been discussing,
the bilnear nutation frequency 1s proportional to Jyg.
When two or more different coupling constants Jyg are
present in a system, it becomes impossible to choose
a single time such that all carbon—proton pairs cx-
perience the same flip angle. This is suntlar to the ob-
served sensitivity of cross polarization efficiency in
liquids to the distribution of the scalar couplings
[17,18]. Analogy can also be drawn to the situation
where a range of chemical shifts, or an inhomogeneity
of the static or rf fields causes different parts of asam-
ple to expenence different rf nutations. In analogy
to compensated «f pulses [19-21], we introduce a
compensated bilinear rotation, illustrated n fig. 2b.
The propagator for this pulse sequence can be wntten
as the product of three propagators, corresponding to
alternate rotations about the x and y coordinate axes:

exp[—1jgl, S, (20)] exp[—1Jfs1,. S (47))

X exp[-1jgl, S.(27)] . )

The time 7 is chosen to result in a perfect bilinear ro-

tation for some representativ. spin—spin coupling,
"l(.)S' 4r= l/Jl?s.). Compensated bilinear  rotations dre

much less sensitive than the simple bilinear 7 of fig. 2a
to the inevitable distrtbution of Jig. As a result, BIRD
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and other experiments which use bilinear pulses be-
come practical for more diverse molecules,

7. Strongly coupled systems

It 1s interesting to consider the extension of BIRD
to strongly coupled systems. Strongly coupled sys-
tems are usually considered those in which the scalar
coupling between the protons is comparable in magnt-
tude to the difference in chemical shifts between them.
For satellite protons, however, strong coupling occurs
when

Iw, - ((a)k t./,ig/'l)l = l-’"kl (6)

The hamultonian describing the scalar mteraction be-
tween strongly coupled spins takes the form

-nd _ ry.
,(”-E;J,,l, I,. (7

This term cannot be inverted with a single bilnear 7
rotation. In fact, a minimum of four btlinear 7 rota-
tions, with appropriate phase shufts of the rf rradia-
tion, 1s required for decoupling Thus 1s illustrated n
fig. 3b, which indicates both the pulse train tnvolved
and the toggling frame value of the quantity I, -4 =
Tl t1 'l,yk + I, Ip in the windows between bi-

J
linear rotations. The notation used 1s that

I I = XX and cyclic permutations (8)

The average hamiltonuan for these windows 1s found
by summing

O o (XX +YY+ZZ)+ (~XX+YY -Z2Z)

L(-XX-YY+IZ)+ (XX -YY-Z22)=0. (9)

The chemical shifts of the satellite protons are pre-
served and spin—spin couplings ehnunated to this
order of approximation.

8 Conclusion

I or weakly coupled systems BIRD has the advan-
tage over decoupling by spin tickling of being broad
band. An advantage over J —& spectroscopy in spme
circumstances would be that 1t 15 accompiished in a
single time dimension in real time rather than requinng
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accumulation and manipulation of signal 1n two d-
mensions. A disadvantage 1s that 1t is only sensitive to
those protons bound in magnetically equivalent groups
to a 13C. Thus lowers the available magnetization at
natural abundance and means that protons in other
binding environments do not appear in the BIRD
chemucal shift spectrum. Those lnes which do appear
are at the tsotopically shifted values. Current efforts
are directed at further development of the method n
strongly coupled systems, where the other techniques
a-2 inapplicable.
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