PRL 109, 047602 (2012)

PHYSICAL REVIEW LETTERS

week ending
27 JULY 2012

Ultrahigh-Resolution Magnetic Resonance in Inhomogeneous Magnetic Fields:

Two-Dimensional Long-Lived-Coherence Correlation Spectroscopy

Srinivas Chinthalapalli,1 Aurélien Bomet,2 Takuya F. Segawa,2 Riddhiman Sarkar,3
Sami Jannin,>* and Geoffrey Bodenhausen®*>
"Department of Chemistry, Indian Institute of Technology, 110 016 New Delhi, India

2Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

3Departement Chemie, Technische Universitit Miinchen, Lichtenbergstrafie 4, D-85747 Garching, Germany

*Département de Chimie, Ecole Normale Supérieure, 24 rue Lhomond, 75231 Paris cedex 05, France
SUniversité Pierre et Marie Curie, 75005 Paris, France
SUMR 7203, CNRS/UPMC/ENS, 75005 Paris, France
(Received 2 April 2012; published 26 July 2012)

A half-century quest for improving resolution in Nuclear Magnetic Resonance (NMR) and Magnetic
Resonance Imaging (MRI) has enabled the study of molecular structures, biological interactions, and
fine details of anatomy. This progress largely relied on the advent of sophisticated superconducting
magnets that can provide stable and homogeneous fields with temporal and spatial variations below
AB(/By < 0.01 ppm. In many cases however, inherent properties of the objects under investigation,
pulsating arteries, breathing lungs, tissue-air interfaces, surgical implants, etc., lead to fluctuations and
losses of local homogeneity. A new method dubbed ‘“‘long-lived-coherence correlation spectroscopy’
(LLC-COSY) opens the way to overcome both inhomogeneous and homogeneous broadening, which arise
from local variations in static fields and fluctuating dipole-dipole interactions, respectively. LLC-COSY
makes it possible to obtain ultrahigh resolution two-dimensional spectra, with linewidths on the order of
Av = 0.1 to 1 Hz, even in very inhomogeneous fields (ABy/B, > 10 ppm or 5000 Hz at 9.7 T), and can
improve resolution by a factor up to 9 when the homogeneous linewidths are determined by dipole-dipole
interactions. The resulting LLC-COSY spectra display chemical shift differences and scalar couplings in
two orthogonal dimensions, like in “J spectroscopy.” LLC-COSY does not require any sophisticated
gradient switching or frequency-modulated pulses. Applications to in-cell NMR and to magnetic
resonance spectroscopy (MRS) of selected volume elements in MRI appear promising, particularly
when susceptibility variations tend to preclude high resolution.
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Nuclear magnetic resonance (NMR) is often regarded as
one of the most versatile forms of spectroscopy. Magnetic
resonance imaging (MRI) has offered new insights into
morphology, metabolism, blood flow, diffusion, and brain
activity. Most applications to inanimate samples and living
organisms rely on the use of very homogeneous magnetic
fields B, with spatial variations below 1 ppb (107?), so that
subtle differences in the environments of various nuclei,
chemical shifts and couplings can be observed. This makes
NMR costly and cumbersome. In many cases, inanimate
samples or living organisms under investigation are inher-
ently heterogeneous and suffer from variations of suscep-
tibility due to voids or surgical implants [1,2]. Animals and
human beings cannot be kept still because of pulsating
arteries and respiration. Very high fields beyond 23 T can
only be generated by nonpersistent resistive or hybrid
magnets [3,4] which are driven by unstable power supplies
and suffer from vibrations due to their cooling systems. As
a result, the magnetic fields may suffer from temporal and
spatial fluctuations. In some cases, bulky samples ranging
from frescoes to glaciers, from shales to living trees cannot
be inserted in a magnet bore [5,6]. We show in this
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contribution how ultra-high-resolution NMR spectra can
be obtained in inhomogeneous fields with unknown spa-
tiotemporal variations. Many techniques have been pro-
posed to acquire high-resolution spectra under adverse
conditions. Spin echoes [7,8] can refocus the effects of
inhomogeneous B, fields, and echo modulations can reveal
hidden spin-spin couplings [9-11]. If the field’s spatial
distribution is known, the B, inhomogeneity may be com-
pensated by using a radio-frequency (rf) field with a spatial
profile B;(r) designed to match the profile By(r) of the
static field [12-14], or by manipulating the phases of the
magnetization vectors associated with different voxels in
the presence of known gradients [15,16]. In either case, the
field B(,(r) must be time independent, and its spatial profile
must be known. We have recently [17,18] obtained high-
resolution spectra and images in inhomogeneous fields by
tracking the differences of the precession frequencies of
two spins [19,20], in the manner of ‘““ultrafast” methods
developed by the teams of Frydman [21], Pelupessy [22]
and Giraudeau [23]. Here we describe a novel NMR method
that yields ultra-high-resolution two-dimensional (2D)
spectra, even in very inhomogeneous and spatiotemporally
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variable magnetic fields. The new NMR method cancels
the effects of inhomogeneous broadening, is insensitive to
local magnetic field fluctuations, and can reduce homoge-
neous broadening caused by homo-nuclear dipole-dipole
couplings by a factor up to 9. In a system with two scalar-
coupled spins I = 1/2 and S = 1/2 (e.g., two nonequivalent
protons), one can excite long-lived coherences (LLC’s)
that can have very long lifetimes 77;c (much longer than
the transverse relaxation times 7,) and hence yield very
narrow linewidths Avy;c = 1/(awT1c)) [24,25]. Their
precession frequencies are independent of offset, and
hence of chemical shifts and inhomogeneous broadening,
and are determined by the total coupling Tg, i.e., by the
sum of scalar and residual dipolar couplings (T;5 = 2J;5 +
D). In this work, LLC’s are excited and detected over a
wide range of frequencies of about 5 kHz, thus covering the
entire 'H spectrum despite the inhomogeneous field. The
2D spectra display chemical shift differences in a first w;
dimension and total couplings T;5 = 2J;5 + D;g in a sec-
ond w, dimension.

Long-lived coherences (LLC’s) are closely related to
long-lived states (LLS) [26-28]. In a simple system con-
sisting of a pair of inequivalent coupled spins / = 1/2 and
S = 1/2, singlet and triplet states arise from linear com-
binations of the four product states: Sy = 1/2(|aB) —
|Ba)), Ty =laa), Ty =1/v2(lap) + |Ba)) and
T_, = |BB). The LLS is defined as the difference between
the population of the singlet state and the average popula-
tion of the three triplet states, and has a very long lifetime
[29] because of its immunity to fluctuations of intramolec-
ular dipolar interactions D;g. LLS are ideal to *‘store”
magnetization over remarkably long time scales and,
among other things, allow one to determine very slow
diffusion coefficients. [30]

A long-lived coherence (LLC) is a coherent superposi-
tion between a long-lived singlet state S, and a triplet state
Ty and therefore belongs to the class of zero-quantum
coherences. When expressed in the singlet-triplet base,
an LLC is defined as a linear combination of Qj;c =
|SoXTol + 1To)Sol and  |SoXTol — [To)XSol, which are
equivalent to Qpyc = I, — S, and 21§, — 21§, in the
product base [25]. Such coherences can easily be excited
and sustained using conventional NMR spectrometers.
LLC’s slowly decay with long time constants Tj;c =
1/Ry1c = kT, where 3 =< k = 9 [25,31] and are modu-
lated by the total coupling T;g = 2J;5 + Dys:

Oric(t)=[(I, —S,)cos(7Tst)
+ (21,8, —21,S,)sin(7T st) Jexp(— Ry c1). (1)

This slow oscillatory decay, when subjected to a Fourier
transform, leads to dramatically enhanced resolution
compared to conventional NMR with linewidths
1/(7Tyic) = 1/(wkT,) < 1/(7T,). Since LLC’s belong
to the class of zero-quantum coherences, they are immune
to inhomogeneous broadening. We recently designed a fast

“on-the-fly”” acquisition scheme for LLC’s [32] by briefly
interrupting the rf irradiation required to sustain the LLC’s
at regular intervals, so that they are ephemerally trans-
formed into observable single-quantum coherences
(SQC’s). This scheme offers substantial gains in acquis-
ition times, albeit at the price of a loss of signal-to-noise
ratio (SNR) which decreases as the square root of the duty
cycle of signal acquisition.

Both the original high-field experiment [24] and the on-
the-fly method [32] started by exciting LLC’s via I, — §,.
Such excitation schemes strongly depend on the carrier
frequency and cannot be used in inhomogeneous fields.
We therefore developed a new excitation scheme via zero-
quantum coherences. In the sequence of Fig. 1, a zero-
quantum coherence ZQ, is prepared by three pulses with
intervals 7 = 1/(4J,5). The resulting ZQ, evolves during
the evolution interval 7, so that after applying a (7/2),
pulse at point (5), only magnetization stemming from the
term ZQ, = 1(21,S, — 21,.S,) is transformed into LLC’s
that can be sustained by rf irradiation:

0'(5) = (2IySz - 2IzSy) Sin(z’]TAvlstl). (2)

In this excitation scheme, the LLC amplitude is modulated
by the chemical shift difference Av;g in the #; evolution
interval.

It is then straightforward to carry out a two-dimensional
experiment by incrementing #; to monitor the modulation
of the LLC’s which is due to the factor sin(27A v t;), thus
providing information about chemical shift differences
Av;g. The 2D spectrum is insensitive to inhomogeneous
broadening in both w; and w, dimensions.

The remarkable properties of the novel 2D LLC-COSY
experiment were illustrated by spectra of a mixture of
0.1 M alanine-glycine (AlaGly or molecule 1) and 0.1 M
3-bromothiophene-2-carboxylic acid (BTCA or molecule
2) in D,0 in a magnetic field of 11.7 T, corresponding to a
'H frequency of 500 MHz. Each of these two molecules
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FIG. 1 (color online). Excitation and acquisition of LLC’s via
ZQ,. Receiver dead-times between pulses and signal acquisition
intervals (3 ws in our case) are not shown.
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FIG. 2 (color online). (a) One-dimensional proton spectrum of
a mixture of 3-bromothiophene carboxylic acid (BTCA, 1) and
Alanine-Glycine (Ala-Gly, 2) at 11.7 T (500 MHz for 'H) in a
normal homogeneous field (black solid lines) and in a very
inhomogeneous field where the linewidth at half height was
deliberately degraded to Av = 3000 Hz (red dotted lines).
(b) 2D LLC-COSY spectrum acquired in the same inhomoge-
neous field. The enlargements stem from cross sections extracted
at the J;g and Aw;g values of molecules (1) and (2). A total of
2048 and 650 points were recorded in the direct ¢, and indirect ¢,
dimensions with increments Af, =50 ms and Af¢ = 2 ms,
respectively.

contains a pair of spins, but with distinct chemical shift
differences and J-coupling constants: Av;¢ = 55.46 Hz
and J;g = 17.22 Hz for the two H* protons in glycine in
AlaGly, and Av;g = 202.4 Hz and J;5 = 5.32 Hz for the
two aromatic protons in BTCA.

The homogeneity of the magnetic field was deliberately
degraded by setting the shim coil currents far from their
optimum. The proton NMR linewidths at half height were
thus artificially broadened to Ay = 3000 Hz [Fig. 2(a)].
The 2D LLC COSY spectrum was obtained with 7 =
1/(4J A1) =~ 3/(4],,BTCA)) t0 maximize the signals
of both AlaGly and BTCA.

The 2D spectra in Figs. 2(b) and 2(c) show that, despite
the inhomogeneity of the field, it is possible to recover
chemical shift differences and J-coupling constants with
linewidths below 1 Hz. The peak at Av;g = 202.4 Hz and
Jis = 5.32 Hz corresponds to BTCA which has a very long
Ti1c, and hence a narrow linewidth of 1 Hz (= 2 ppb) in
the w; (Avs) dimension and 0.1 Hz (= 0.2 ppb) in the w,
(J;g) dimension. The latter can be further reduced by
decreasing the duty cycle of the signal acquisition, and
by extending #,™**. As ZQC and LLC relaxation rates arise
mainly from paramagnetic interactions (hetero- or homo-
nuclear intramolecular interactions playing only a mar-
ginal role), further line narrowing in the two dimensions
can be achieved by degassing the solution or scavenging

dissolved O, with ascorbic acid [33]. An improvement in
linewidth from 3 kHz to 0.1 Hz results in a net increase in
peak heights by a factor 3 X 10*. AlaGly gives two peaks:
one at (J;g = 17.22 Hz; Av;g = 55.46 Hz) stemming
from the two H® protons of glycine and one (folded)
peak at (J;g = 7.4 Hz; Av;g = 204 Hz) that stems from
an LLC involving the H* proton of alanine and one of its
three H? protons. Further discussions of the broadband
features of the LLC-COSY method, including experimen-
tal details, are presented in the supplemental material [34].
LLC-COSY experiments have been successfully per-
formed in molecules of biological interest such as malic
acid and in the three-spin system of acrylic acid, in very
inhomogeneous magnetic fields. We believe that LLC-
COSY should become a promising technique for ex-situ
or in-cell NMR studies.

This novel form of 2D correlation spectroscopy exploits
the unique properties of long-lived coherences (LLC’s)
and can afford exceptional linewidths (Avic/vy =
2 X 10719 = 0.2 ppb) even in very inhomogeneous mag-
netic fields (ABy/By, = 1073 = 10 ppm).
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