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Abstract: Small diffusion coefficients can be measured by using populations of singlet states that have a
relaxation time constant, Ts, which can be much longer than the longitudinal relaxation time, T;. Spatial
information can be encoded with pulsed field gradients in the manner of stimulated echo sequences. Singlet
states can be excited via double-quantum coherences to enhance the efficiency of phase encoding and
decoding.

Introduction diffusion can be observed td ~ T,. In stimulated echo
experiments, such as in Figure 1b, whére= T + 271 — 26/3,
the information is stored in the form of longitudinal magneti-
zation, so that the window can be extended'ter T4, which
allows one to probe slower transport processes shce T.
Usually, PFG experiments are applied to protohs=(H)

ecause of their favorable gyromagnetic ratiéVith so-called
“heteronuclear stimulated echo” (X-STE) sequences, the spatial
information can be “stored” in the form of longitudinal
magnetization of nuclei with low and longT:.#"® For| = 'H
and S = 15N in biomolecules, one may typically have
T1(**N) ~ 1 s> T4(*H) ~ 100 ms, thus making it possible to
determine 10-fold smaller diffusion coefficieribswith the same
gradient strengtiGmax.

Nuclear magnetic resonance (NMR) has long been known
as a flexible tool to study transport phenomena, such as
diffusion, flow, convection, or electrophoretic mobility® To
this effect, information about the localization of molecules can
be encoded and decoded by pulsed field gradients (PFG) befor
and after a delay where translational motions occur. A PFG
can be characterized by a product ypsGnaxd, Wherey is
the gyromagnetic ratigp the coherence ordeGmax the peak
intensity of the gradient, andlits duration. The dimensionless
shape factor 0< s < 1 is defined bys = fg G(t)dt/(Gmaxd).
When the signalS is observed as a function of the gradient
strength and compared to a sigisalobtained with very weak
gradients, with all other parameters remaining the same, the

decay of the ratio obeys a Gaussian function: Recently, Carravetta et &P have shown that nuclear spin
order can be stored asnglet statesvhich relax with a time
95, = exp(—chzA) (1) constant, T, that can be much longer than. Singlet states

can be generated in scalar-coupled two-spin systems. After

whereD is the diffusion coefficient and the effective interval ~ €XCiting a zero-quantum coherence, ZQand allowing it to

between encoding and decoding by PFGs. The analysis of the€V0Ive under the effects of the chemical shifts into ZG€

Gaussian decays (for example, by a Laplace transformation)!®5tBal + |Sallay], radio frequency (RF) irradiation leads to

allows one to determine the diffusion coefficielsand when ~ the suppression of the chemical shifts, while faginteraction

different species in solution with different isotropic chemical eémains. As aresult, tH&system is converted into aasystem,

shifts are separated by Fourier transformation of the signals, Where the two nuclei have, in effect, become magnetically

the resulting two-dimensional pictures are referred to as “dif- €duivalent. In the process, the two eigenstagsiand|fal)

fusion ordered NMR spectroscopy” (DOSY). becpme degenerate and can be expressed as gsuperposmon of
Depending on the details of the pulse sequences, one mus@ triplet stateToll= 2"¥¥|af0+ |fal} and a singlet state

take into account attenuation factors that depend on various! U= 274|080~ |Bal}, so that the zero-quantum coherence

delays where transverse and longitudinal magnetization com-
; (4) Orekhov, V.Y.; Korzhnev, D. M.; Pervushin, K. V.; Hoffman, E.; Arseniev,
ponents suffer fronT, or Ty relaxation. In the most elementary A. S.J. Biomol. Struct. Dynami999 17, 157,

spin—echo experimentd), relaxation limits the interval where (5) Choi, W.-Y.; Mulder, F. A. A; Crowhurst, K. A.; Muhandiram, D. R,;
Millett, I. S.; Doniach, S.; Forman-Kay, J. D.; Kay, L. H. Mol. Biol.
2002 316, 101.

iEcoIe Polytechnique Tiérale de Lausanne. (6) (a) Ferrage, F.; Zoonens, M.; Warschawski, D. E.; Popot, J.-L.; Boden-
Ecole Normale Supeeure. hausen, GJ. Am. Chem. So2003 125, 2541; (b) additions and corrections,
£ Aarhus University. 2004 126, 5654.
(1) Stejskal, E. O.; Tanner, J. H. Chem. Phys1965 42, 288. (7) Carravetta, M.; Johannessen, O. G.; Levitt, M.Atlys. Re. Lett. 2004
(2) Kivelson, D.Faraday Symp1977 11, 7. 92, 153003.
(3) Johnson, C. rog. NMR Spectrosd 999 34, 203. (8) Carravetta, M.; Levitt, M. HJ. Am. Chem. So@004 126, 6228.
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Figure 1. Pulse sequences and coherence transfer pathways. (a) Method of Carravettaetha.excitation and detection of long-lived singlet states in
scalar-coupled two-spin systems with a coupligand chemical shiftey, andws. The optional sandwichr{ — & — 7] at the end allows one to convert
anti-phase into in-phase magnetization. The intervals must bel/(4Jis), 12 = n/|wy — ws|, andtz = 12/2. Filled and open rectangles represef# and
7 pulses, respectively. Pulsed field gradients (PFGs) have a sinusoidal shape. Filled symbols refer to PFGs for encoding and decoding; open symbols
represent “purge” pulses used to destroy transverse magnetization. (b) Standard stimulated echo sequence with bipolar pulse pairs (BPB&&THEproften
“diffusion-ordered spectroscopy” (DOSY). (c) “Singlet-state-single-quantum-DOSY” (SS-SQ-DOSY), which combines the key features of (ajtend (b)
information about spatial localization being stored in the form of singlet state populations with a relaxatidgitintiee intervalT. The intervalsry, 7o, and
73 are defined as in sequence (a). (d) Singlet-state-double-quantum-DOSY (SS-DQ-DOSY), where the bipolar PFGs are applied to double-quanasn coheren
so that slower diffusion can be studied, or so that the gradient intensities or durations can be attenuated by a factor 2. The inteaads must be
like those in sequence (a). The sandwich+ & — 71] is again optional. All pulses are applied along thaxis unless specified otherwise. Phase cycles
can be obtained from the authors upon request.

can be written as ZQC= Y,{|ToTy — |SMHK|}. The coupled homonucleatS spin systems. The RF carrier is
expectation values of the operat¢fsITy| and|SI%| amount positioned in the middle between the two doubletsvat=
to populationsof the central triplet and singlet states. The former (w; + wsg)/2. After the initial preparation “sandwich”
have a lifetime of the order aff;, while the latter have alonger  [(/2)x — 71 — (7)x — 7] with 71 = 1/(4J;s), one has a density
singlet state lifetim&s. The long lifetimes of singlet states make operatoro = —21,S, — 21,S,. In the subsequent interva} =

them attractive for the study of slow transport processes. 7l(2|wy — wo|) = w/(2lws — wo|) = 7/|wy — ws|, one obtains
h o = 21,S, — 21§ since the transverse components undergo a
eory precession in opposite directions through one-quarter of a full

Figure 1a shows the sequence proposed by Carravettéfet al.,cycle. The &/2), pulse at the end of the; interval converts
which has been designed for molecules containing weakly this intoo = 2I,S, — 2I,S, = —i(I+S- — |-S}) = 2ZQGC,. During
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the intervalts = 12/2 = 7/(2|w) — w4l), this is transformed detects theaverage magnetization over the sample, that is,
under the effect of the chemical shift of the zero-quantum [Gog(2«z)0= 1/2, so that the net effect can be described by
coherencevzoc = w) — wsinto o = 2I,S + 2I,S, = 1.8 + 0 = (L/2)l; exp{ —D4k?A} exp{ —2t1/To} exp{ —T/Tq}.

I-Sy = 2ZQC.. Finally, at the onset of RF irradiation, 2ZQC The key idea of this paper is shown in Figure 1c, which results
is expressed as a superpositior= |TollTo| and |SI%|. The from a simple combination of a and b in Figure 1. Like the
triplet term |TolITo| does not survive the protracted interial  experiment of Carravetta et al., a singlet state is excited at the
since it relaxes on a time scale ®f, while the singlet term  peginning of the diffusion interval in Figure 1c. Similar to
|S[I%| decays much more slowly following a monoexponential the conventional stimulated spicho sequence, spatial infor-
function exg —T/T¢}. Atthe end of the interval, the remaining  mation is encoded and later decoded by a bipolar pair of PGFs.
singlet term is converted inio = />(2ZQG,), plus other terms  The phase-decoding occurs during the reconversion sandwich
that cannot contribute to the signals. Note the faétpwhich [71— (7)x — 7], wherer, = 1/(4)s) as in Figure 1a. The signals

is due to the dissipation of the triplet tefffy[lTo|. During the are attenuated in proportion to €xpD4?A} exp{ —271/To}
second intervakg = al(2lw; — ws|), the density operator is exp{ —T/Ts, whereA = T + 211 + 72 + 213 — 20/3. Trans-
converted back intor = ZQG, = Y/5(21,S — 21,S)). The final verse relaxation in the short delagsandzs can be neglected.

(/2)« pulse generates observable anti-phase single-quantumry, g the main difference lies in the fact thatis replaced by
coherencer = Y5(21,S; — 21,S). Note that this corresponds to the much longer singlet state relaxation tirfie,

an up-down doublet fol, and a dowrrup doublet forS If a Figure 1d shows a variant where the anti-phase single-

[t1 — (@)x — 11] sequence is appended as shown in Figure 1a, g P g

one obtaingr = —Yx(ly — ), i.e., two in-phase doublets with quantum coherences generated at the ent_JI of the second

opposite signs. A further delay = 7/jw; — ws| can be added % interval, o = 2,S, + 21,5, are temporarily converted

to obtaing = —Y,(Ix + S)), i.e., two in-phase doublets with the !nlto do_ul:I)IeS-f]uzintErancohere.?ﬁ@s; —(@S ;L 2"?‘)1;

same signs. Whether the reconversion from anti-phase into in-'( +St - ) = QG, with coherence orders = |

phase coherences is worth doing depends on the couplingm the two intervalstpg, these coherences can be spatially
encoded with greater efficiency than their single-quantum

constant, Jis, on the inhomogeneous line-width, which is . he eff t the binol ) . |
proportional to IT>*, and on the spirecho decay rate T. counterparts since the effect of the bipolar PGF_s is propo_rtlpna
to the coherence order. Thus, compared to Figure 1c, it is

Figure 1b shows a conventional stimulated echo seqiiériée : ° s )
that is widely used to measure diffusion and other transport possible to obtain the same effect V\(lth f|elq gradl|ents that. are
phenomena. This sequence is normally applied to spins withoutNalf @ strong or half as long. Alternatively, with a given gradient
scalar couplings, most often to protons because of their favorableSt'ength and duration, it is possible to determine diffusion
gyromagnetic ratio. To measure very small diffusion coef- constants thatare 4 times smaller. Bptk £2 pathways can
ficients, one can use special probes equipped with heavy-dutybe selected in thepg mtervals._After sp_atlal encoding, the DQC
coils capable of generating very intense gradients, albeit at theterms are convgrted back into anti-phase SQC, allowed to
expense of spectral resolution. The initial sandwict/Z} — undergo precession fap = 7/lw; — ws to tumo = 21,S; +
71 — () — 71 — (/2)] generates longitudinal magnetization, 2z iNto o = —2I,S + 21,5, transformed into ZQC, and from
which is modulated along theaxis of the samplé because of ~ there into singlet state populatiof%[%|. The final reconver-
the two bipolar PFGs witi&, = dB/dz. Eddy currents induced ~ SiOn sandwichd; — () — 71], which leads to in-phase doublets,
by the bipolar pairs of field gradients with opposite signs partly 'S optional.
cancel each other. The refocusing pulses in the preparation and e like to refer to the method of Figure 1c as “singlet-state-
detection sandwiches inter alea eliminate artifacts due to Single-quantum-diffusion-ordered spectroscopy” or SS-SQ-
chemical shiftd3 In systems with homonuclear scalar couplings, DOSY. The method of Figure 1d can be dubbed “singlet-state-
one may use;= 1/(2J;s) to have in-phase magnetization at the double-quantum-DOSY” or SS-DQ-DOSY.
end of the second, interval, if transverse relaxation is not too In principle, singlet states can be excited for any pair of
fast. The state of the system at the beginning ofTleterval homonuclear coupled spins, and their lifetimes can be attractive
can be described by = 1, cos(Z2) + I, sin(2z), where the provided that they are sufficiently isolated from magnetic
factor 2 reflects the fact that two pulsed field gradients are interactions that break their symmetry. Relaxation of the singlet
applied® The I, term can be eliminated by phase-cycling or state is very slow if there are no mechanisms other than the
by applying a spoiling gradient. At the end of the interial intramolecular dipoledipole coupling between the two nuclei.
the cosine modulation of the longitudinal magnetization across However, intramolecular couplings to remote protons within the
the sample will be attenuated by diffusion and longi- Same molecule, CSA interactions, and intermolecular couplings,
tudinal relaxation. The remaining ordeiz) = |, cos(%2) including protons on solvent molecules, can contribute to the
exp{ —D4x2A} exp{ —211/To} exp{ —T/T1} will be transformed relaxation of singlet states. Partial deuteration offers a possibility
by another sandwich#(2), — 71 — (7)x — 71], again combined of reasonably isolated subsystems comprising only two coupled
with two bipolar pulsed field gradients, which lead to spatial protons, as may occur in GHgroups in nonsymmetrical
“decoding”, that is, to a multiplication with another factor €nvironments. Large molecules with long correlation times
cos(Z7) or a global weighting with c@§2«z). The receiver should behave like small molecules in viscous solvents with
respect to their rotational diffusion properties.

(9) Tanner, J. EJ. Chem. Physl97Q 52, 2523.

(10) Fordham, E. J.; Gibbs, S. J.; Hall, L. Magn. Reson. Imagin§994 12, Results and Discussion

279.

(11) Wu, D.; Chen, A.; Johnson, C. S., Jr Magn. Reson. A995 115 123. L. i .

(12) Wu, D.; Chen, A;; Johnson, C. S., Jt Magn. Reson. A995 115, 260. We have used 2-chloroacrylonitrile (i.e.,H§C=CRR with

e M . 14 Jhorts, G. A.; Davis, A. L.; Hammond, SMagn. R= Cland R = CN), as suggested by Carravetta et@learly,

(14) Wider, G.; Dotsch, V.; Wihrich, K. J. Magn. Reson. A994 108, 255. many other substituents can be considered, including systems
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Figure 2. Temperature dependence in the range fre6 to+25°C (227 z b
to 298 K) of the spirrlattice relaxation timd&; and the singlet state lifetime g 0.8
Ts of the protons Hand Hsin 10 mM 2-chloroacrylonitrile fHsC=CCICN, 2
dissolved in a mixture of deuterated DMSgD,0 with a 1:3 ratio, %
measured at 300 MHz with a Bruker spectrometer equipped with a triple- E 0.6
resonance triple-gradient probe. Therelaxation times were measured with e
the standard inversiefrecovery method; the&; lifetimes were determined g 0.4
by incrementing the interval in the sequence of Figure la. z
£
where R and/or Rdenote some bulky molecular fragments. To 3
study the dependence of the relaxation rates and diffusion 3 0
coefficients on viscosity, we dissolved 10 mM 2-chloroacry- 0 50 100 150 200 250 300
lonitrile in a mixture of deuterated DMS@/D>0O with a 1:3 2c(m™y

mmar _ratlo' m a temperature range frofi6 to +2_5 °C, the Figure 3. Gaussian decays of proton signal intensities of 10 mM
viscosity'® varies from 150 to 2.3 cP, so that a wide range of 2-chloroacrylonitrile in DMSCgy/D,O = 1:3, measured at 300 MHz and
rotational correlation times;, could be investigated. T = —18.8°C (254 K) obtained (a) with the conventional stimulated echo

Figure 2 shows the temperalure dependence at 300 M ofeetierce S ige 1o =021 o6 2 e e 0) i e e
the ordinary spirlattice relaxation timeT; of the protonsl 71 = 80 ms,7> = 10 ms,73 = 5 ms. The parameter is defined byx =
andS (measured by the standard inversigecovery method) ypsGnad. Note the scales of the horizontal axes.
and the lifetiméT of the singlet state (measured by incrementing
the intervalT in the sequence of Figure 1a). In this sample, the
gain is about 1 order of magnitude over the whole temperature
range.

The Gaussian decays of the signal intensities in Figure 3a,
obtained with the conventional stimulated echo sequence of
Figure 1b, can be compared with the signal intensities in Figure
3b obtained with the singlet-state sequence of Figure 1c, both
recorded at-18.8°C (254 K) and 300 MHz. Since the lifetime
Ts of the singlet state is about 20 s at 254 K, it was possible to
setT = 19.3 s A = 19.5 s) in the SS-SQ-DOSY sequence,
compared toA = 0.21 s in the conventional stimulated echo
sequence, and hence to reducby a factor of 13. Using the . . )
same gradient strengtBmax the lengtho of the gradients could 0 5 w15
thus be reduced from 2000 to 155. Temperature/Viscosity (K/cP)

Figure 4 shows diffusion coefficients of 2-chloroacrylonitrile
in 1:3 DMSO4d¢/D,0O measured with the singlet state method
as a function of temperature. At46 °C, we found thaD =
(154 0.1) x 10 m? s'~. The duration of the diffusion  surement of diffusion coefficients with the excitation and
interval can be extended by a factor 10 compared to the detection of singlet states. The transient excitation of double-
conventional stimulated echo method siflge~ 10 Ty in the quantum coherences allows one to use shorter gradients. In
sample under investigation. 2-chloroacrylonitrile, the lifetimeds of the singlet states were
found to be about 1 order of magnitude longer than the
longitudinal relaxation time3; over a wide range of temper-

atures.
It has been shown that slow transport phenomena can be

characterized by combining established methods for the mea-

D (x 10 ms™)
o

20 25

Figure 4. Diffusion coefficients of 2-chloroacrylonitrile in 1:3 DMSO-
ds/D>0O measured with the singlet state method of Figure 1c as a function
of the ratio of the temperature over the viscosity.

Conclusions

Acknowledgment. We are indebted to Dr. Fabien Ferrage
and Dr. Karthik Gopalakrishnan for many helpful discussions,

(15) Schichman, S. A.; Amey, R. lJ. Phys. Chem1971, 75, 98.

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15747



ARTICLES Cavadini et al.

and to Sbeastien Rochat for experimental verifications. This fondet (Denmark), and the Centre National de la Recherche
work has been supported by the Fonds National de la RechercheScientifique (CNRS, France).

Scientifigue (FNRS, Switzerland), the Commission pour la

Technologie et I'lnnovation (CTI, Switzerland), the Carlsberg- JA052897B

15748 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005



