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Abstract: Among the different fields of research in nuclear magnetic resonance (NMR) which are currently inves-
tigated in the Laboratory of Biomolecular Magnetic Resonance (LRMB), two subjects that are closely related to 
each other are presented in this article. On the one hand, we show how to populate long-lived states (LLS) that 
have long lifetimes TLLS which allow one to go beyond the usual limits imposed by the longitudinal relaxation time 
T1. This makes it possible to extend NMR experiments to longer time-scales. As an application, we demonstrate 
the extension of the timescale of diffusion measurements by NMR spectroscopy. On the other hand, we review 
our work on long-lived coherences (LLC), a particular type of coherence between two spin states that oscillates 
with the frequency of the scalar coupling constant JIS and decays with a time constant TLLC. Again, this time 
constant TLLC can be much longer than the transverse relaxation time T2. By extending the coherence lifetimes, 
we can narrow the linewidths to an unprecedented extent. J-couplings and residual dipolar couplings (RDCs) in 
weakly-oriented phases can be measured with the highest precision. 
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1. Introduction 

The Laboratory of Biomolecular Magnetic 
Resonance (LRMB), which belongs to 
the Institute of Chemical Sciences and 
Engineering (ISIC) of EPFL, is dedicated to 
the development of new methods in the field 
of Nuclear Magnetic Resonance (NMR) 
both in liquid and solid samples. Our group 
covers more areas than can be presented in 
this short overview. Two important branch-
es of our ‘tree of knowledge’ were recently 
described in CHIMIA: Simone Ulzega 
(SCS Mettler-Toledo Award Winner, 2009) 
explained our efforts to detect the highly-
abundant nitrogen-14 isotope in solid sam-
ples.[1] The challenge comes from the fact 
that, unlike the popular but less abundant 15N 
with I = ½, 14N has a spin I = 1 and a large 
quadrupole coupling, leading to very broad 
lines.[2,3] Pascal Miéville (SCS DSM Award 

Winner, 2010) et al. introduced the subject 
of Dynamic Nuclear Polarization (DNP), a 
highly promising tool for NMR since it can 
overcome the lack of sensitivity inherent 
to virtually all NMR experiments.[4] DNP 
enhances NMR signals by transferring 
the polarization from electrons to nuclei. 
Currently, there are two different DNP set-
ups at the LRMB. One comprises a polar-
izing magnet for DNP at a temperature of 
ca. 1.2 K, followed by rapid dissolution 
and transfer to a liquid-state NMR spec-
trometer.[5–10] This approach can reach en-
hancements as high as 103–104, albeit only 
in one-shot experiments. The other DNP 
setup consists of a gyrotron that sends mi-
crowave irradiation to a solid-state NMR 
spectrometer equipped for magic angle 
spinning (MAS). The microwave irradia-
tion saturates the electron paramagnetic 

resonance (EPR) transitions of radicals in 
a spinning solid at 100 K.[3,11,12] Here, sig-
nals can be enhanced in continuous mode 
by a factor in the range 10–100. With the 
help of both DNP setups, NMR spectra 
of samples can be recorded which would 
show nothing but noise on a normal spec-
trometer. 

We also study spin echoes, a phenom-
enon that is almost as old as NMR, and 
try to find ways to eliminate homonuclear 
J-couplings.[13–15] This opens new paths 
to measure transverse relaxation times 
T

2
 in homonuclear coupled systems, e.g. 

for protons, and in biomolecules that 
are enriched in 13C or 15N, where the 
echo decays are normally masked by 
J-modulations.

Further fields of research comprise the 
development of novel NMR tools to study 
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diffusion with the help of NMR.[28,29] By 
using pulsed field gradients (PFGs), the 
homogeneity of the magnetic field (which 
is normally optimized by tedious shim-
ming!) is destroyed, but in a controlled 
way. Even though the spins are dephased 
over the whole sample, if the gradient is 
applied along the vertical z-axis, they are 
in-phase within a slice at a given height. If 
we apply a second PFG with an opposite 
sign, the coherence can be restored over 
the whole sample. This is only true if the 
molecules and their spins do not move be-
tween the two PFGs. If we vary the delay 
∆ between the PFGs (or better, the strength 
of the gradient G), the effect of diffusion 
can be measured. This delay ∆ was limited 
till now by T

1
. By using long-lived states in 

the diffusion experiment, the delay ∆ can 
be extended since T

LLS
 >> T

1
. This makes 

macromolecules (>50 kDa) with small 
diffusion coefficients (D <10–10 m2 s–1) ac-
cessible.[30,31] Ideally, the macromolecule 
should contain a sub-system of two spins 
with a magnetization that can be converted 
to a singlet state.[20] Glycine residues in 
peptides and proteins are suitable systems. 
The aliphatic CHα

2
 protons in monomeric 

glycine are magnetically equivalent, but 
become diastereotopic when bound to 
chiral amino acids. In the protein ubiqui-
tin (molecular mass 8.5 kDa), without any 
isotope labeling, it is possible to excite 
LLS with T

LLS
/T

1
 > 6 in the two highly mo-

bile Gly-75 and Gly-76 at the C-terminus, 
which are fairly remote from the bulk of 
the protein. Fig. 2 shows the comparison of 
two diffusion experiments, one using T

LLS
 

chemical exchange by observing the life-
times of heteronuclear multiple-quantum 
(MQ) coherences, e.g. in 1H-15N spin pairs 
in proteins.[16–18] The advantage of observ-
ing MQ relaxation rather than single-quan-
tum (SQ) relaxation lies in the fact that it 
can provide information about two spins 
that are simultaneously affected by chemi-
cal exchange. This technique is important 
for the bio-NMR community since it cov-
ers the timescale from microseconds to 
milliseconds where many conformational 
motions occur that are believed to be rel-
evant for biological processes.

There are two other fundamental pa-
rameters in NMR that have been addressed 
in our group in the last few years: the long 
memory of long-lived states (LLS), which 
have life times that can be much longer than 
the longitudinal relaxation time T

1
,[5,7,19,20] 

and the narrow linewidths on the order of 
tens of millihertz associated with long-
lived coherences (LLC).[21–23] This article 
focuses on these long-lived phenomena in 
NMR. 

2. Long-Lived States (LLS)

Any NMR pulse sequence is limited in 
time: after an interval on the order of the 
longitudinal relaxation time T

1
 (typically a 

few seconds for protons), the populations 
will reach the Boltzmann distribution and 
this will be the end of the nuclear spin mem-
ory. In 2004, Malcolm Levitt and co-work-
ers showed a way to break this limit.[24,25]  
By applying a simple radio frequency (rf) 
pulse sequence, they increased the spin 
memory several times beyond T

1
. Since 

relaxation is usually determined by molec-
ular structure and motion, and is normally 
impervious to rf pulses, this discovery is 
very exciting.

Consider a system of two spins-1/2 
named I and S with different chemical 
shifts ν

I 
and ν

S
 and a scalar coupling of 

J
IS
. We assume that they are reasonably 

isolated from other nuclei with significant 
magnetic moments. The normal NMR 
spectrum of such a weakly coupled system 
shows two doublets split by J

IS
 and cen-

tered at the two chemical shifts ν
I 
and ν

S
.[26] 

The corresponding energy-level diagram is 
shown on the left side of Fig. 1, with four 
possible product states αα, αβ, βα and ββ. 
If the difference between the two chemical 
shifts where nil (i.e. if we had two mag-
netically equivalent spins) the energy-level 
diagram would change to the one on the 
right side in Fig. 1, and the spectrum would 
show a singlet. While the highest and low-
est levels αα and ββ stay unchanged, the 
middle ones are made up of a sum and a 
difference of αβ and βα (with the nor-
malization N = 2–1/2). The four states can 
be classified in a triplet and a singlet: the 

three states αα, ββ and N(αβ + βα), which 
are unaffected by the permutation of the 
two spins, constitute the triplet manifold, 
while N(αβ–βα), which switches sign un-
der permutation of the two spins, consti-
tutes the singlet state. If there is only one 
chemical shift, nothing but relaxation can 
connect the singlet and the triplet states. 
However the relaxation mechanism itself 
should be exchange-antisymmetric. This 
is not the case for the dominant homo-
nuclear dipole–dipole coupling of the two 
spins. Therefore the population of a singlet 
state can persist over very long intervals, 
much longer than the usual longitudinal 
relaxation time T

1
. The singlet state is not 

magnetic since its total nuclear spin van-
ishes and therefore, it cannot be directly 
manipulated. That is why we need an in-
equivalent AX-system both to populate the 
singlet state at the beginning of the experi-
ment and to detect it at the end. The job of 
the rf pulse sequence is first to populate 
the singlet state, then to switch to magnetic 
equivalence by suppressing the difference 
in chemical shifts (i.e. going from left to 
right in Fig. 1), and, finally, to convert the 
population of the singlet state into observ-
able magnetization. The second step is ful-
filled by on-resonance continuous-wave rf 
irradiation, in the manner of decoupling. 
Further developments of pulse sequences 
led to lifetimes T

LLS
 that were ca. 36 times 

longer than T
1
 in the case of a proton pair 

in a partially deuterated sugar.[27]

This has opened up new timescales 
for NMR experiments. As an example, we 
will present measurements of translational 

Fig. 1. Graphical representations of the two energy-level diagrams (not to scale), used for the cre-
ation of long-lived states (LLS) and long-lived coherences (LLC). (Left) The energy-level diagram 
of two spins I and S with two different chemical shifts νI and νS,. The four possible products αβ, 
αβ, βα and ββ constitute the states for this system. The arrows show the single-quantum (SQ) 
transitions that give rise to peaks in an ordinary NMR spectrum. (Right) The energy-level diagram 
of two magnetically equivalent spins (i.e. both spins have identical chemical shifts ν). A simple 
NMR spectrum shows only one peak at the frequency ν. The energy levels αα and ββ are identical 
in both systems. The middle ones are normalized sums and differences of αβ and βα, with an en-
ergy difference JIS. The three exchange-symmetric states αα, ββ and N(αβ + βα) constitute a trip-
let, while the exchange-antisymmetric state N(αβ–βα) is a singlet (with the normalization N = 2–1/2). 
By applying a continuous-wave radiofrequency (rf) irradiation, chemical shifts can be suppressed 
and the system on the left-hand side can be converted into the system on the right-hand side 
with ν = (νI + νS) / 2. The energy difference between N(αβ + βα) and N(αβ – βα) of JIS determines 
the frequency at which the LLC oscillates.
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relaxation times T
2
 ≤ T

1
. Usually, the ap-

parent linewidth R
2

* is broader than R
2
 = 

1/T
2
 because of inhomogeneous broaden-

ing. The contribution stemming from the 
inhomogeneity of the magnetic field can 
be removed by forming echoes, the sim-
plest way to measure T

2
. Reducing the un-

derlying homogeneous broadening is more 
challenging. Generally speaking, the larger 
the molecule, the slower the rotational dif-
fusion, the faster the transverse relaxation, 
and the broader the spectral lines. 

Going back to the right side of Fig. 
1, Levitt and co-workers[32] and Sarkar et 
al.[21] recently found ways to create a co-
herent superposition of the singlet and the 
central triplet states: a long-lived coher-
ence (LLC). The evolution of an LLC can 
be monitored in the indirect dimension of 
a two-dimensional (2D) experiment, or ‘on 
the fly’ in a 1D experiment. In contrast to 
the case of LLS, LLCs do not simply decay 
according to a mono-exponential function, 
but oscillate with the frequency of the sca-
lar coupling J

IS
. This is due to the energy 

difference between the two involved states, 
which is exactly J

IS
. The relaxation time 

constant T
LLC

 of the LLC is often much 
longer than the usual transverse relaxation 
time T

2
. By applying a Fourier transform to 

the oscillatory decay, we obtain two peaks 
at frequencies ±J

IS
 which are very narrow, 

thanks to the long lifetime. An example of 
such a spectrum is shown in Fig. 3. Using 
the same system as presented above, the 
two Hα protons in the terminal Gly-76 of 
ubiquitin (green in Fig. 3), a 2D LLC ex-
periment is shown on the left side of Fig. 
3. In the direct (horizontal) ω

2
 dimension 

we see a normal spectrum showing two 
doublets at two chemical shifts; in the indi-
rect (vertical) ω

1
 dimension, the frequency 

corresponds to the value of the J-coupling. 
The peaks are folded in the indirect dimen-
sion and appear at 2.17 Hz, which corre-
sponds in reality to J

IS
 = –17.17 Hz. The 

right-hand side of Fig. 3 shows a cross 
section extracted from the spectrum at ω

2
 

= 3.84 ppm. The linewidth in the ω
1
 dimen-

sion is 0.6 Hz. The current record for the 
smallest linewidth of a organic molecule in 
our lab is as narrow as 14 mHz.

This experiment is not only a tool to 
measure J-couplings with unprecedented 
precision. In the case of two overlapping 
chemical shifts, the second J-dimension 
may help to discriminate them. In weakly 
oriented phases, one can measure residual 
dipolar couplings (RDCs).[23] These split-
tings contain information about distances 
and order parameters and are widely used 
in the determination of three-dimensional 
structures and dynamics of biomolecules. 
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(diamonds) and the other T
1
 (stars). While 

the T
LLS

 experiment can tolerate a longer 
diffusion interval of ∆

LLS
 = 2 s, the T

1
 ex-

periment is restricted to ∆
1
 = 0.55 s, since 

spin memory is severely attenuated beyond 
this horizon. Here, the diffusion interval ∆ 
is kept constant, but the gradient strength is 
varied, so as to vary the product κ = δγpsG 
where γ is the proton gyromagnetic ratio, p 
= 1 is the coherence order, δ is the gradient 
duration, and s = 2/π is a shape factor that 
describes the shape of the gradients, and 
G the gradient strength. The T

1
 experiment 

needs stronger gradients (since ∆
 
must be 

kept small) than the T
LLS

 experiment. Both 
experiments lead to similar diffusion co-
efficients D = (1.264 ± 0.002) × 10–10 m2 
s–1 for ubiquitin dissolved in D

2
O at T =  

298 K.

3. Long-Lived Coherences (LLC)

While LLS deal with populations, the 
second part of this article is dedicated to 
the lifetimes of long-lived coherences. 
The decay of ordinary ‘single quantum’ 
coherences is characterized by transverse 

Fig. 2. Fits of diffusion coefficients of ubiquitin dissolved in D2O at T = 
298 K and B0 = 11.7 T (1H frequency of 500 MHz) using long-lived states 
(LLS) (diamonds) and conventional longitudinal magnetization (stars). The 
diffusion intervals were ∆LLS = 2 s and ∆1 = 0.55 s, respectively. The gradi-
ent strength G must be much higher if one uses longitudinal magnetiza-
tion than if one employs LLS. Both experiments lead to similar diffusion 
coefficients D = (1.264 ± 0.002) × 10–10 m2 s–1. (Reprinted with permission 
from ref. [20]. Copyright 2009 by the American Chemical Society.) 

Fig. 3. Observation of a long-lived coherence (LLC) in a two-dimensional (2D) proton spectrum 
of ubiquitin with very narrow linewidths in the (indirect) ω1 dimension at T = 300 K and B0 = 9.4 T 
(1H frequency of 400 MHz). (Left) 2D spectrum of the LLC comprising two inequivalent protons Hα 
(green spheres) of the terminal amino acid Gly-76 in the protein ubiquitin. The spectral window 
was reduced to 10 Hz in the ω1 dimension (only 3 Hz shown), so that the folded peaks appear at 
2.17 Hz, corresponding to JIS = -17.17 Hz. (Right) Cross section extracted from the spectrum on 
the left-hand side at ω2 = 3.84 ppm; the linewidth in the ω1 dimension is 0.6. Hz. (Reprinted with 
permission from ref. [21]. Copyright 2010 by the American Physical Society.)
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