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A three-dimensional experiment is described in which NMR diffusion coefficient is constructed from the NMR and diffu-
signals are separated according to their proton chemical shift, 13C sion data, it shows relatively poor resolution in both do-
chemical shift, and diffusion coefficient. The sequence is built up mains. In this regime, therefore, DOSY is most suitable for
from a stimulated echo sequence with bipolar field gradient pulses the low-resolution analysis of mixtures containing species
and a conventional decoupled HMQC sequence. Results are pre- of very different sizes (4) .
sented for a model mixture of quinine, camphene, and geraniol in

In the second regime, by contrast, the ability to obtaindeuteriomethanol. q 1998 Academic Press
resolved NMR signals from sharp lines (and by implicationKey Words: DOSY; HMQC; diffusion; mixture analysis.
from small molecules) means that high resolution can also
be obtained in the diffusion domain, because each signal
shows only a single rather than a composite decay curveThe analysis of complex mixtures has always played an
(5, 7) . With suitable experimental and processing methodsimportant part in chemistry; in recent years this importance
(7) , relative accuracies as good as 0.2% can be obtainedhas if anything increased in such areas as drug discovery,
for the diffusion coefficients extracted from the spin echonatural product research, and the petrochemical and food
experiments, and hence very good resolution can be obtainedindustries. The combination of chromatographic separation
in the diffusion domain. This high-resolution variant oftechniques with NMR spectroscopy has developed rapidly
DOSY is thus a powerful experiment for the analysis ofover the past 10 to 15 years; more recently, DOSY (diffu-
complex mixtures of small molecules with relatively similarsion-ordered spectroscopy) (1–8) has established itself as
sizes, such as are often encountered in natural product chem-a viable competitor for techniques such as HPLC NMR that
istry and in drug discovery, and in some biofluids.are based on physical separation. DOSY uses pulsed field

The limits of high-resolution DOSY are defined by thegradient spin echo experiments to encode information on
need to obtain resolved signals from individual species, anddiffusion rates into the intensities of NMR signals, allowing
by the signal-to-noise ratio of the data obtained. The problemdiffusion coefficients to be determined for individual reso-
of resolution is a pressing one in more complex mixtures,nances.
because of the relatively narrow range of proton chemicalThere are two principal regimes in which DOSY tech-
shifts. Various extensions to the basic proton DOSY experi-niques find application. The first is in the analysis of mix-
ment have been proposed, including polarization transfer totures, typically of macromolecules, that show poorly re- 13C (9, 10) , and the addition of a second NMR frequencysolved NMR spectra but contain species with a broad range
domain to give 3D DOSY–NOESY (11) , DOSY–COSYof diffusion coefficients. The inability to resolve discrete
(12, 13) , DOSY–DQS (14) , or DOSY–TOCSY (15) .signals from individual molecular species means that the
Probably the highest information content available from asignal decays measured are composites containing a number
3D DOSY experiment would be that from one combiningof different superimposed decay curves corresponding to
proton and 13C resolution, in order to benefit from the verydifferent diffusion coefficients. Although considerable effort
high chemical shift dispersion that this would bring. Thishas been devoted to the numerical problem of extracting the
article describes such an experiment, in which a DOSY do-maximum possible information from such composite decays,
main is added to the HMQC experiment.the accuracy that can be obtained for the diffusion coeffi-

In designing an experiment such as DOSY–HMQC, es-cients thus extracted is generally severely limited, so that
sentially a 3D NMR experiment with relatively few incre-

when a 2D DOSY spectrum showing chemical shift versus
ments in the third (diffusion) dimension, experimental time
becomes of crucial importance. The sequence should be de-
signed to yield the desired information in as few phase cy-1 To whom correspondence should be addressed.
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FIG. 1. (a) Pulse sequence for three-dimensional DOSY–HMQC and (b) coherence transfer pathway. The delays t are of duration 1/(41JCH) , and
the variable diffusion encoding gradient pulses of strength G 1

Z and width d; the time between the midpoints of the outer variable gradient pulses is D.
Limits on experiment duration allow only rudimentary phase cycling: the first 13C 907 pulse follows the sequence x , 0x (02) on successive transients,
the second proton 907 pulse x , x , 0x , 0x , y , y , 0y , 0y (0022 1133), and the receiver x , 0x , 0x , x , 0y , y , y , 0y (0220 3113).

cling steps as possible, so that the minimum experimental echo sequence with pulsed field gradients (17) ; the variable
gradient pulses during the diffusion delay tD are optional,time needed is determined by the signal-to-noise ratio avail-

able from the sample rather than by the need to complete but serve to cancel to first order the perturbation of B0 and the
deuterium lock signal during the stimulated echo sequence,the phase cycle for each increment.

The proposed pulse sequence, shown in Fig. 1a, is divided improving the f1 lineshape in the final 3D spectrum. As well
as providing time for the gradient pulses, the delays t Å 1/into two main parts. It is a conventional gHMQC experiment

(16) in which the delay after the first radiofrequency pulse (41JCH) , in conjunction with the 1807 13C pulse, serve to
bring the proton magnetization into an antiphase state withhas been replaced by a stimulated echo sequence with an

additional 13C 1807 pulse. The coherence transfer pathway respect to one-bond couplings to 13C at the maximum of the
stimulated echo. The purpose of the 1807 pulse is to intro-of the desired signal is shown in Fig. 1b. The diffusion

encoding is accomplished using a three-pulse stimulated duce heteronuclear modulation into the stimulated echo, re-

AID JMR 1332 / 6j29$$$142 03-05-98 06:36:36 maga



133A 3D DOSY–HMQC EXPERIMENT

moving the need for the initial 2t delay in the HMQC seg- band adiabatic WURST (18) method, even though the width
of the 13C spectrum on the 400-MHz (proton) spectrometerment of the sequence. If the area of the field gradient pulse

required is so large that its duration must be greater than 1/ used would not be a problem for more conventional decou-
pling schemes. A ‘‘cool’’ decoupling method was favored(41JCH) , then the 1807 13C pulse can be omitted and a further

delay 1/(21JCH) added between the stimulated echo mid- here because even the relatively modest heat deposition in
the sample using conventional decoupling schemes such aspoint and the first 907 13C pulse. In both cases the magnetiza-

tion is transformed into heteronuclear zero- and double- WALTZ or GARP-1 distorts the diffusion measurements. In
‘‘normal’’ HMQC experiments, small temperature distur-quantum coherence by the first 907 carbon pulse, and from

then on the basic gHMQC procedure is followed. The diffu- bances are not particularly important, and can be dealt with
by a period of steady-state transients prior to the start ofsion information is obtained by repeating the entire experi-

ment for a number of diffusion encoding gradient strengths the actual experiment. Unfortunately, this approach does not
eliminate the problem in the DOSY–gHMQC experiment.G 1

Z ( largely determined by the experimental time available)
The sample heating generates convection currents in the so-in the stimulated echo part of the experiment (see Fig. 1a) ,
lution which have a dramatic effect on the apparent diffusionjust as in the 2D DOSY experiment.
coefficients.The minimum advisable phase cycling is of four steps,

Because the pulsed field gradient used and the directionrestricting the signals observed to those originating with the
of convection are both oriented along the vertical ( z ) axis,first pulse and experiencing the first 13C 907 pulse; extending
even very slow convection currents will cause significantthis to eight steps allows the addition of N-type coherence
signal attenuation, and hence enhance the apparent rate oftransfer pathway selection over the initial stimulated echo,
diffusion measured. The effects of convection have beenwhich enables small values of the field gradient G 1

Z to be
discussed in the context of T1 measurements (19 ) , whereused without interference from the unwanted P-type path-
sample spinning has been advocated as a possible solution,way. The eight-step phase cycling eliminates some undesir-
but unfortunately this is not viable where diffusion mea-able coherence transfer pathways originating in the stimu-
surements are concerned. The maximum field gradientlated echo section of the sequence, for example, those pro-
used here is about 30 G cm01 and the diffusion delay tDceeding via double-quantum coherence during the diffusion
of the order of 50 ms, so for an isochromat to dephaseperiod tD or via the partial refocusing of one of the variable
through one radian requires motion through a distance ofinitial gradient pulses in the echo sequence by the fixed
the order of 0.25 mm in 50 ms. Thus significant signalgradient pulses in the HMQC section of the sequence. Where
attenuation will be caused by convection drift velocitiesmore than eight transients are used the phase cycling can
of only a few micrometers per second ( it is diverting tousefully be extended to include CYCLOPS.
reflect that in the absence of diffusion, extending tD to 1Pulsed field gradients are used for the coherence selection
s would enable the effects of velocities of less than 10in the HMQC part in order to minimize the effects of t1

nm s01 to be detected—of the same order as the speed ofnoise and to keep the number of phase cycling steps to a
continental drift ) . There is thus a pressing need to mini-minimum. This produces much cleaner spectra and enables
mize the decoupling power used; WURST decoupling forsignals from minor components to be seen clearly without
13C enables high decoupling efficiency to be achieved (atbeing obscured by t1 noise from nearby intense proton reso-
the expense of some extra sidebands) with much lowernances. This is particularly important for samples with a
powers than modulation schemes such as WALTZ andlarge dynamic range, as is often the case with complex mix-
GARP. Under the experimental conditions used here, antures. Although the experiments to be described here used
average radiofrequency power during data acquisition ofabsolute value presentation of the data, the DOSY–HMQC
ca. 1 W proved sufficient. This greatly reduces the convec-experiment may be carried out in phase-sensitive mode by
tion currents in the sample compared with comparablecombining data from experiments using P-type and N-type
experiments using WALTZ modulation, restoring thecoherence transfer pathways for the HMQC section of the
measured diffusion coefficients to their ‘‘true’’ values.pulse sequence. Where the highest possible diffusion resolu-

No prior knowledge about the mixture is used in the pro-tion is being sought, phase-sensitive display would be the
cessing. The extraction of diffusion coefficients from the 3Dmethod of choice, since the effect of noise contributions
data set requires several steps, starting with a series of doublealways being positive will be to introduce a small systematic
Fourier transformations to give a 2D gHMQC spectrum forerror in the direction of increased diffusion coefficient.
each value of G 1

Z . For the 2D spectrum with the lowestUnlike previously reported 3D variants on DOSY, the
G 1

Z , the peak area regions are defined using standard NMRDOSY–gHMQC experiment requires 13C decoupling during
software; where possible, all the peaks for a given F2 multi-the acquisition period. This introduces a new complication,
plet are included in a single area in order to maximize signal-and the choice of the method of decoupling turns out to be
to-noise ratio. The volume of each region is then evaluatedcritical if reliable diffusion information is to be obtained. In

this article, decoupling has been achieved using the broad- for the corresponding regions in all the G 1
Z increments, and
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FIG. 2. HMQC spectrum of a mixture of quinine, camphene, geraniol, and TMS in deuteriomethanol. (a) The first 2D spectrum (low gradient strength) in
a series acquired with the pulse sequence of Fig. 1a. Five 2D spectra were acquired with the sequence of Fig. 1a using field gradient pulses in the stimulated
echo section of the sequence with widths of 1.54 ms, filling the delays t, and strengths of 1, 15, 21, 26, and 30 G cm01. HMQC coherence transfer pathway
selection was achieved with fixed gradient pulses of width 1.9 ms and strengths 10, 10, and 05 G cm01, respectively. For each 2D spectrum, 512 increments
of four transients of 1024 complex points each were acquired, giving a total experimental time for the five 2D spectra of 17 h. Spectral widths of 20,455 and
4631 Hz were used in F1 and F2, respectively, and the data were processed using sine-bell weighting, zero filling in both dimensions, and absolute value display.
(b) A ‘‘normal’’ gradient HMQC spectrum of the same mixture, acquired using the same experimental parameters. The main difference between spectra (a)
and (b) is the presence in spectrum (a) of decoupling sidebands in F2 produced by WURST, as a consequence of the very-low-power decoupling.
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135A 3D DOSY–HMQC EXPERIMENT

FIG. 3. 3D DOSY–HMQC spectrum of a mixture of quinine, camphene, and geraniol in deuteriomethanol, with (left) the integral projection onto
the diffusion axis. The digitization in the diffusion domain has been restricted to 0.2 1 10010 m2 s01 per point for ease of presentation.

an exponential least-squares fit of peak volume to the square the HMQC spectra of the individual components of a mixture
of gradient area is carried out using the equation (20) on the basis of the diffusion information. The total pro-

cessing time, once the peak regions have been defined, is
effectively the same as that for the series of 2D FourierS(G 1

zi) Å S0exp(g 2d 2(G 1
zi)

2(D 0 d /3)) ,
transformations; on the Sparc 5 clone used, a single 2D
transformation (of 2K 1 1K complex points) took 1 minwhere d is the width of the variable gradient pulses and D
41 s, and the complete DOSY analysis using all five datasetsthe separation between their midpoints. Each peak area is
8 min 22 s. The time needed for the display of a giventhus assigned a diffusion coefficient and a corresponding
diffusion region, 57 s on this system, is determined largelystandard error estimated from the fitting statistics. A 3D
by the short time needed to copy the 2D spectral display toDOSY spectrum can then be constructed by taking the 2D
disk. At no stage in the process is there a need for a largepeak shape for each signal in turn from the 2D spectrum for
data transfer or change in data format, so the entire operationlowest G 1

Z and convoluting it in the third dimension with a
is simple and rapid.Gaussian lineshape centered on the fitted diffusion coeffi-

The DOSY–gHMQC experiment was tested at room tem-cient and with a width determined by the standard error, but
perature on a sample containing quinine (30 mg), geraniolin practice a full 3D display is of limited value.
(20 ml ) , camphene (19 mg), and TMS in deuteriated metha-A simpler way of visualizing the results is to construct
nol, using the 5-mm indirect detection PFG probe of a Varianthe integral of the 3D spectrum between given limits in the
Associates INOVA 400 spectrometer. The duration of thediffusion domain, by editing the 2D HMQC spectrum for
diffusion delay tD in the stimulated echo part of the sequencethe weakest G 1

Z so as to display only that portion of the
was kept short (43 ms) in order to avoid excessive signalsignal that falls within a chosen diffusion region; the result
loss through T1 relaxation. HMQC data were acquired foris thus a diffusion-edited HMQC spectrum. This is achieved
five increments of G 1

Z , in a total experiment time of 17 h.by using a modified version of the existing Vnmr software,
Appropriate values of G 1

Z for this longitudinal delay weregiving the display of a projection of a slab of the 3D data
found by performing a quick experiment with a single t1set, at a selectable diffusion value and of a selectable thick-

ness, onto the HMQC plane. It is thus possible to extract increment and looking for a maximum signal attenuation of
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FIG. 4. 2D projections of the 3D DOSY–HMQC spectrum of a mixture of quinine, camphene, and geraniol in deuteriomethanol onto the HMQC
plane, for diffusion coefficient limits of (a) 5.9–6.9 1 10010 m2 s01 , (b) 9.0–10.0 1 10010 m2 s01 , and (c) 12.1–13.1 1 10010 m2 s01 , showing the
resolved HMQC spectra of the quinine, geraniol, and camphene, respectively.

ca. 70–80% between the weakest and strongest gradient. Figure 2a shows the gHMQC spectrum obtained for the
The recycle time was set to a conservatively large value in lowest value of G 1

Z , and for comparison purposes Fig. 2b
shows a conventional gradient HMQC spectrum of the mix-order to keep the decoupler duty cycle to a minimum.
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FIG. 4—Continued

ture acquired with WALTZ 13C decoupling. The main differ- The data presented illustrate the powerful separation pos-
sibilities of the DOSY–gHMQC experiment. The principalence between the two 2D spectra, apart from slight changes

in relative signal intensities due to the extra signal evolution limitation of the technique is imposed by the natural abun-
dance of 13C, which limits the signal-to-noise ratio obtainableduring the initial stages of the DOSY–gHMQC sequence,

is the presence of decoupling sidebands attributable to the in the HMQC experiment and hence the quality of the diffu-
sion information obtainable. An examination of the experi-WURST decoupling at low power. Since the present soft-

ware uses manual identification of the areas for peak integra- mental data shows a clear inverse correlation between stan-
dard error of diffusion coefficient and peak volume, sug-tion, the WURST cycling sidebands do not represent a sig-

nificant problem, but in the most complex mixtures there is gesting that the principal limitation on the quality of the
diffusion data is that set by the random errors caused byscope for seeking further improvements in the decoupling

modulation scheme. Figure 3 shows the full 3D spectrum, spectral noise. This limitation can be overcome by using
higher magnetic fields or better probe designs offering moreconstructed directly from the diffusion coefficients, standard

errors, and initial peak volumes, and its projection onto the sensitivity (such as microprobes) , as well as by increasing
the number of transients per increment. Smaller but stilldiffusion axis. The four components of the mixture are

clearly separated, although several cross peaks that partially worthwhile improvements in sensitivity and resolution could
be obtained by the use of phase-sensitive processing, and byoverlap in both 1H and 13C dimensions give rise to diffusion

coefficients which differ slightly from those found for well- replacing the HMQC sequence by the sensitivity-enhanced
HSQC sequence of Kay et al. (21) .resolved signals; these cross peaks are responsible for the

‘‘satellite’’ peaks seen to one or other side of the main As is the case in many branches of spectroscopy, the best
choice of a DOSY experiment depends on the compromisediffusion peak for each species in the diffusion projection

at the left-hand side of Fig. 3. Figure 4a shows a projection required between sensitivity and resolution. The DOSY–
gHMQC experiment offers what is currently the highest spectralof the 3D data set onto the HMQC plane for the region

between D Å 5.9 1 10010 and 6.9 1 10010 m2 s01 , showing resolution of any DOSY technique, and conversely one of the
lowest sensitivities, and would appear to be the method of choiceonly signals from quinine. Figure 4b shows the correspond-

ing projection for the region D Å 9.0 1 10010 to 10.0 1 for very complex mixtures with high concentrations. It poses
some interesting instrumental problems, most notably the need10010 m2 s01 , containing only geraniol signals, and Figure

4c the projection for camphene, covering the region D Å for extremely efficient heteronuclear decoupling if problems
caused by very slow convection currents are to be avoided.12.1 1 10010 to 13.1 1 10010 m2 s01 .
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