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Abstract

Signal overlap in the NMR dimension significantly complicates the construction and analysis of 2D diffusion-ordered (DOSY)
spectra. Such problems can often be reduced or even eliminated by extending the NMR domain of a DOSY experiment into two
dimensions, giving a 3D-DOSY spectrum. To date such experiments have generally sacrificed some signal-to-noise ratio and have
required extensive and time-consuming phase cycling. A new family of pulse sequences with internal diffusion encoding (IDOSY)
has been introduced which avoids both of these problems. It is often straightforward to incorporate convection compensation in
such sequences at no cost in signal-to-noise ratio. Here, some of the problems caused by convection in DOSY are described and
illustrated, and the efficacy of convection compensation in the 2DJ-IDOSY and COSY-IDOSY experiments is demonstrated.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion-ordered spectroscopy seeks to separate the
NMR signals of components in a mixture on the basis
of their apparent diffusion coefficients [1–3]. The signal
amplitude in a pulse field gradient spin echo (PFGSE)
or pulse field gradient stimulated echo (PFGSTE) exper-
iment can be generally expressed as

S ¼ S0e
�Dc2d2g2D0

; ð1Þ
where S is the signal amplitude, S0 is the signal ampli-
tude in the absence of field gradients, D is the diffusion
coefficient, c is the magnetogyric ratio, d is the gradient
pulse width, g is the gradient amplitude, and D 0 is the
diffusion time corrected for the effects of finite gradient
pulse width. In a prototypical DOSY experiment, a ser-
ies of spectra recorded at different gradient amplitudes is
collected, and peak amplitudes are fitted to Eq. (1). The
1D spectrum is then extended into a second, diffusion,
dimension with Gaussian lineshapes centred on the cal-
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culated diffusion coefficient (D) and with linewidths
determined by the estimated error of the fitting.

In high resolution (HR)-DOSY [4] the decays are fit-
ted to a monoexponential curve, and differences in
apparent diffusion coefficient as small as 0.5% can be
distinguished in well-resolved spectra. As, however,
overlap is common in NMR spectra and resolving
superimposed exponentials is notoriously hard [5], a
number of methods to resolve spectra into components
with different rates of diffusion have emerged. These
can roughly be divided into single channel [6–8] and
multi channel [9–14] methods. In single channel methods
the decay of each peak (or data point) is analysed with-
out reference to the rest of the data; resolution of super-
imposed exponentials is accomplished by some
approximation to the inverse Laplace transform, for
example biexponential fitting, or the SPLMOD [8],
CONTIN [8] or MAXENT [7] algorithms. In multichan-
nel methods, the whole, or whole sections of, spectra are
used simultaneously to extract pure component spectra
and determine diffusion coefficients, using various
assumptions as to the number of components and/or
the exact form of the decays; such methods include DE-
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CRA [14], CORE [12], and MCR [13]. Neither the single
channel nor the multichannel methods have been shown
to be able to resolve superimposed signals with similar
diffusion coefficients. If monoexponential fitting (HR-
DOSY) is applied to overlapping signals, the apparent
diffusion coefficient will be a compromise value, which
can complicate the analysis of the DOSY spectra
significantly.

As high resolution in the diffusion dimension is only
available for signals which are well-separated in the fre-
quency domain, the idea of extending the 2D-DOSY
experiment into higher dimensionality is a logical devel-
opment. Many 3D-DOSY experiments have been de-
vised [15–25]; a new family of such experiments has
recently been proposed, in which diffusion encoding is
incorporated into pre-existing delays in conventional
2D pulse sequences [20–22]. Such experiments lend
themselves particularly readily to compensation for
one of the most serious complications of DOSY,
convection.
2. Convection

Because the mean square displacement of a diffusing
particle scales according to the square root of time,
NMR pulse sequences designed to measure diffusion
can be exquisitely sensitive to the confounding effects
of coherent motion, which scales linearly with time.
Physical movements of the sample tube and/or pulsed
field gradient coil can cause significant difficulties in dif-
fusion measurements [26], but one of the commonest
and most troublesome sources of coherent sample mo-
tion is thermal (Rayleigh–Bénard) convection.

When the liquid at the base of an NMR tube is warm-
er than that at the top, there is a tendency for the warm-
er, and hence less dense, liquid to rise to the top, where it
cools and then returns to the bottom in a continuous cy-
cle—the phenomenon of convection. (In practice, and
perhaps counter-intuitively, convection can also occur
with horizontal, as opposed to vertical, temperature gra-
dients [27].) Ideally, convection only occurs when the
temperature gradient exceeds a critical value, which de-
pends in part on the sample geometry. In practice, the
onset of convection is generally earlier than predicted
by theory, and is influenced by horizontal as well as ver-
tical temperature gradients.

In a typical DOSY experiment, a uniform sample
flow velocity v introduces a phase modulation of the sig-
nal [28]:

S ¼ S0e
�Dc2d2g2D0

eicgvdD. ð2Þ
Representing convection by a crude model of equal and
opposite flows each of uniform velocity leads to cancel-
lation of the imaginary part of Eq. (2) and the result is a
cosine modulation [29]:
S ¼ S0e
�Dc2d2g2D0

cosðcgmdDÞ. ð3Þ

In practice, convection in an NMR tube involves a
(symmetric) spectrum of different flow rates which rap-
idly damps the cosine factor in Eq. (3), but the qualita-
tive conclusion remains that convection causes an
accelerated decay of the signal, and in severe cases inver-
sion, of the signal. When convection is slow, the effect on
diffusion measurements is to increase the apparent diffu-
sion coefficients; faster convection can lead to more
complex flow patterns [30] and to turbulence, and may
cause the PFGSTE signal to disappear almost entirely.

In practice, a number of strategies can be used either
to delay the onset of convection or to mitigate its effects.
(a) Convection-compensated pulse sequences are the
main subject of the present investigation and will be dis-
cussed in further detail below [28,31]. (b) Reducing the
sample radius by using a smaller diameter sample tube
[32,33] delays convection. (c) Reducing the sample
height, for example by the use of a restricted sample vol-
ume (e.g., a Shigemi tube [34], with or without a central
glass cylinder to constrain the liquid motion still further
[35]), also delays convection. Unfortunately, the distur-
bance of main field homogeneity limits the value of this
approach in high resolution NMR quite severely; in
principle there are also concerns about restricted diffu-
sion [34]. (d) Spinning the sample [36,37] changes the
direction of the net force on a liquid voxel from the ver-
tical, effectively changing the size and aspect ratio of the
convection cell markedly, but this imposes stringent
requirements on the transverse uniformity of the pulsed
field gradient and the synchronization of the sample
spinning with the gradient pulses. (e) Using transverse,
rather than vertical, pulsed field gradients removes the
sensitivity to vertical motion [28], but unfortunately
convective motion in NMR sample tubes is not purely
vertical [27,30] and transverse gradient probes are not
widely available. (f) Using a more viscous solvent makes
convection less likely, but is frequently not an acceptable
chemical option. (g) The problem may be attacked at
source by reducing the temperature gradient.

Sample temperature gradients can arise from a varie-
ty of causes, including radiofrequency heating [28], dif-
ferential heating of the outside of the probe by shim
coils, conduction along the sample tube etc., but by
far the commonest source is the airflow (‘‘variable tem-
perature’’ or ‘‘VT’’ air or nitrogen gas) used to control
the sample temperature. Most NMR probes use an air-
flow which starts at the bottom of the sample and flows
upwards, although it has been reported that reversing
the direction can reduce convection [32]. Clearly the ef-
fect here will depend on whether the sample is being
heated or cooled, although experimentally it is observed
that convection remains a problem whether the air
supply is above or below the quiescent sample tempera-
ture. Increasing the flow rate of the VT air can make the
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temperature more uniform and hence delay the onset of
convection [32,38–40], but sample vibration limits the
flow rates usable. Replacing the VT air flow with liquid
[41], for example a polyfluorinated hydrocarbon, can
greatly reduce temperature gradients but is not practical
for routine work. A related expedient, using a coaxial
capillary sample inside a normal NMR tube, either emp-
ty (to insulate the inner sample) or filled with an NMR-
silent liquid (to improve thermal conduction along the
sample), has met with some success [27,33]. Using sam-
ple tubes made out of sapphire, which has a much higher
thermal conductivity than glass, is an attractive but
expensive option.
3. Pulse sequences for convection-compensated 3D DOSY

Diffusion encoding can be added to virtually any
nD NMR experiment, resulting in an (n + 1)D-DOSY
experiment. Recently, several pulse sequences where
the diffusion encoding pulses are incorporated within
the parent sequence (the IDOSY family) [20–22], have
been described, utilizing the logic of a previous TOC-
SY-IDOSY sequence [16]. Previously, almost all 3D
sequences had been constructed by concatenating a
diffusion encoding sequence with the parent experi-
ment in the form DOSY-X or X-DOSY [15,17–
19,23–25,42]. Often this is a perfectly serviceable ap-
proach, but when the parent pulse sequence either in-
cludes or can accommodate a delay of the order of
tens of milliseconds for diffusion, the IDOSY ap-
proach can both substantially decrease the need for
phase cycling and increase the signal-to-noise ratio
obtainable. Figs. 1A and C show pulse sequences for
COSY-IDOSY [21] and 2DJ-IDOSY [20], respectively;
the diffusion encoding is incorporated in the Hahn
echo (or antiecho) and spin echo, respectively. In both
cases the coherence transfer pathways are identical to
those in the parent experiment. In the COSY-IDOSY
and 2DJ-IDOSY experiments a reduction in minimum
experimental time of 32 and four times, respectively,
and an increase in signal-to-noise ratio of a factor
1.5–2.0 have been demonstrated.

The effect of linear flow during a typical DOSY pulse
sequence is to introduce a velocity-dependent phase
modulation of the form of Eq. (2). The phase errors
arise because the spins encounter a steadily increasing
or decreasing field gradient as they move, and hence fail
to refocus fully in an echo. If, however, two successive
echoes are performed, then the second echo can com-
pensate for the phase error accumulated during the first,
and the refocused signal becomes independent of flow. A
very simple way to achieve this is with two successive
gradient echoes of opposite polarity, so that the gradient
pulse signs follow the sequence + �� +. If the pulse
timings and amplitudes are identical in the two echoes
(or adjusted to give identical effects [40], as for example
to accommodate for solvent suppression in the CON-
VEX experiment [43]) then constant velocity flow phase
errors cancel completely. Such a pulsed field gradient
double gradient echo (PFGDGE) lends itself readily to
insertion into pulse sequence delays as a flow-compen-
sated diffusion weighting element.

The same principle of using two successive echoes
may be applied to the pulsed field gradient stimulated
echo, the type of pulse sequence most commonly used
for DOSY, yielding the convection-compensated
pulsed field gradient double stimulated echo (PFGD-
STE) sequence [28,31]. Unfortunately each of the
two stimulated echoes sacrifices 50% of the available
signal, so this type of sequence incurs a significant
sensitivity penalty. If PFGDGE convection compensa-
tion is applied during a spin or Hahn echo, however,
there is no loss of signal-to-noise ratio compared to
the uncompensated sequence, as has been noted for
the INEPT-IDOSY and HMQC-IDOSY sequences
[22]. In the 2DJ-IDOSY [20] and COSY-IDOSY [21]
sequences, convection compensation can similarly be
included at virtually no cost in sensitivity. A thorough
treatment of the theory behind convection compensat-
ed pulse sequences has been given previously
[28,40,44]. In the present investigation, convection
compensation of the COSY-IDOSY and 2DJ-IDOSY
experiments (Figs. 1B and D) is examined.
4. Experimental

Two samples were used in this investigation: sample 1
contained approximately 2% camphene, 2% quinine,
and 10% geraniol (w/v) in CDCl3, using tetramethylsi-
lane (TMS) as a chemical shift reference, and sample 2
containing 0.5% glucose, 0.2% 1-propanol, and 0.25%
ethanol (w/v) in D2O, using sodium 3-(trimethylsilyl)-
propionate-2,2,3,3-d4 (TSP) as a chemical shift refer-
ence. The pulse sequences used for 3D DOSY in this
investigation were COSY-IDOSY [21] with and without
convection compensation (Figs. 1A and B) and 2DJ-
IDOSY [20] with and without convection compensation
(Figs. 1C and D). In addition to the IDOSY sequences,
for 2D DOSY, the oneshot sequence [45] (Fig. 1E) and a
slight variation (Fig. 1F) on the previously published
convection compensated PFGDSTE sequence [28,31]
were used.

All measurements were carried out non-spinning on
a 400 MHz Varian Inova instrument, using a 5 mm
diameter indirect detection probe equipped with a gra-
dient coil allowing gradient pulses up to 30 G cm�1.
Unless otherwise stated, temperature control was used
at 25 �C for sample 1 and 37 �C for sample 2, respec-
tively, in a room air-conditioned at about 20 �C. All
2- and 3D-DOSY experiments were acquired with a



Fig. 1. Pulse sequences for 2D and 3D DOSY. (A) Standard COSY-IDOSY [21]; (B) convection compensated COSY-IDOSY; (C) standard 2DJ-
IDOSY [20]; (D) convection compensated 2DJ-IDOSY; (E) oneshot [45] and (F) a convection compensated sequence using a pulsed field gradient
double stimulated echo (PFGDSTE). The sequences show radio frequency (RF) and gradient (G) pulses, with vertical arrows indication the gradient
amplitudes changed to vary the diffusion encoding; a delay s is allowed for gradient stabilization after each gradient pulse.

Fig. 2. Signal amplitudes from the quinine methyl peak at 3.9 ppm in
sample 1 as acquired with the PFGDSTE sequence of Fig. 1F, varying
the imbalance between the two diffusion delays (DD = D1 � D2) at
different temperatures. (A) No temperature control (approximately
20 �C); (B) temperature controlled at 21 �C; (C) temperature controlled
at 23 �C; (D) temperature controlled at 25 �C; (E) temperature
controlled at 27 �C.
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diffusion delay (D) of 0.2 s for sample 1 and 0.3 s for
sample 2; a diffusion-encoding pulse width (d) of 2 ms;
and gradient strengths, chosen to give equally spaced
steps of gradient squared, ranging from of 3.0 to
27.3 G cm�1. As previously described, the 2D [4] and
3D [15] DOSY displays were constructed by fitting
the decay of each peak to the appropriate form of
Eq. (1), assuming monoexponential decays [4]. For
the 3D-DOSY experiments, cross-peaks were defined
by manual selection of 2D integration regions; cross-
peak volumes were corrected for baseplane noise by
subtraction of the appropriate proportion of the inte-
grated volume of a large sample of baseplane from an
empty region of the spectrum [19].

For the oneshot sequence [45] (Fig. 1E), D 0 is equal to
D + d(a2 � 2)/6 + s(a2 � 1)/2, where a is the imbalance
ratio of the bipolar pulse pairs and s is the time between
the midpoints of the individual gradient pulses in one
diffusion encoding period; for the double stimulated
echo (Fig. 1F), the standard COSY-IDOSY, and 2DJ-
IDOSY D 0 = D � d/3, and for the convection compen-
sated COSY-IDOSY and 2DJ-IDOSY D 0 = D � 4d/3.
The data collected with the oneshot sequence used an
imbalance factor (a) of 0.2 for the diffusion-encoding
gradient pulses. For the 2D-DOSY experiments,
16,384 complex data points were acquired for each of
16 gradient amplitudes. For 2DJ-IDOSY experiments,
32 increments of 8192 complex data points, and for
COSY-IDOSY 1024 increments of 2048 complex data
points, were recorded for each of 8 gradient amplitudes.
Sinebell weighting was applied in both dimensions be-
fore Fourier transformation.
5. Results and discussion

Fig. 2 shows how the amplitude of the quinine methyl
signal in sample 1 varies with degree of diffusion delay
imbalance (D1 � D2) in the pulse sequence of Fig. 1F
for different temperatures. Since the two halves of the
experiment together compensate for linear motion of
the spins, any change in signal intensity as the two de-



Fig. 3. Aromatic signals from quinine (7.1–7.6 ppm) in sample 1 as a function of increasing gradient strength. (A) Acquired with the PFGDSTE
sequence (Fig. 1F); (B) acquired with the oneshot sequence (Fig. 1E)—same vertical scale as (A); (C) same as (B) but scaled up 40 times.
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lays are unbalanced is indicative of coherent motion.
Such an experiment can in principle be used to deduce
the spectrum of flow velocities [40], but for a routine test
for the presence or absence of convection it is generally
sufficient simply to compare the signal amplitudes ob-
tained with D1 = D2 and D1 � D2.
Fig. 4. 2D-DOSY spectrum of a mixture of camphene, geraniol, and quinin
Fig. 1F, with (top) the least attenuated proton spectrum.
At room temperature, as expected, no evidence for
convection is seen. On raising the nominal sample tem-
perature by just one degree to 21 �C, however, a slight
attenuation of the signal with imbalanced pulses can
be seen, indicating that the system is just starting to con-
vect. At 23 �C, convection is evident, increasing for 25
e acquired with the convection compensated PFGDSTE sequence of



Fig. 5. COSY-IDOSY data acquired with the convection compensated sequence of Fig. 1B. (A) COSY spectrum for the lowest gradient amplitude—
DOSY analysis was performed on cross peaks 1–12 as marked in the highlighted area; (B) projection onto the COSY plane for the diffusion region
between 11 and 13 · 10�10 m2 s�1, containing signals from quinine (Q); (C) projection ranging from 7 to 9 · 10�10 m2 s�1, containing signals from
quinine and geraniol (Q + G); (D) projection ranging from 4 to 6 · 10�10 m2 s�1, containing signals from camphene (C).
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and 27 �C. Based on these data 25 �C was chosen as the
temperature at which to test the effects of convection on
the compensated sequences for sample 1. For sample 2
(in D2O, a more viscous solvent), convection did not oc-
cur until higher temperature, so here 37 �C was chosen.

The detrimental effects of convection on the signal de-
cay as a function of increasing gradient amplitude can
be seen in Fig. 3, showing the decay of the aromatic sig-
nals of quinine between 7.1 and 7.6 ppm in sample 1.
The data of Fig. 3E were acquired using the convec-
tion-compensated PFGDSTE sequence of Fig. 1F, and
show the expected diffusional attenuation. In contrast,
Fig. 3B, from the uncompensated oneshot sequence of
Fig. 1E, shows the very much weaker signals and rapid
attenuation caused by convection. The vertical expan-
sion of the latter data in Fig. 3C shows that the signals
undergo significant phase modulation, suggesting that
the spins in the upward and downward flows may couple
unequally to the receiver coil. The effects of convection
here are florid and characteristic, but in cases of mild
convection the only apparent effect is a slight increase
in the diffusion coefficients obtained by fitting the peak
decays. Here, it can be very useful to include a small
amount of a high polymer as a reference signal: an in-
crease in the apparent diffusion coefficient for such a sig-
nal is a sensitive indicator of problems such as
convection.

A DOSY spectrum of sample 1, acquired with the
PFGDSTE sequence, is shown in Fig. 4. As demonstrat-
ed above, the sample was convecting strongly, but,
thanks to the convection compensation, the DOSY spec-
trum is still of high quality, and where there is no signal
overlap the separation of the three components in the
diffusion dimension is good. In contrast, the same exper-
iment carried out with the oneshot sequence [45] did not
produce any usable data.

Even the high quality DOSY spectrum of Fig. 4 does
not resolve all the signals in the diffusion dimension, be-
cause of the signal overlap in the spectral dimension.
The strategy of extending the DOSY experiment to three
dimensions has recently been shown to be successful in
separating the signals of a mixture of medium-chain
alcohols using the COSY-IDOSY [21] (Fig. 1A) and
2DJ-IDOSY [20] experiments (Fig. 1C). As discussed
above, these experiments lend themselves well to the
inclusion of convection compensation (Figs. 1B and D).

COSY-IDOSY data were acquired for sample 1,
with and without convection compensation. As expect-
ed, the rapid convection rendered the uncompensated
experiment useless. The compensated experiment pro-



Fig. 6. Partial 2D-DOSY spectrum from 0.5 to 4.0 ppm of a mixture of glucose, 1-propanol and ethanol in D2O (sample 2) acquired with the
convection compensated the PFGDSTE sequence of Fig. 1F with (top) the least attenuated spectrum.
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duced high quality data, as demonstrated by the 3D
COSY-IDOSY results in Fig. 5. The overlapping sig-
nals at around 2.7 ppm in the conventional spectrum
Fig. 7. 2DJ-IDOSY data for sample 2 acquired with the convection compen
amplitude—DOSY analysis was performed on all peaks; (B) projection
7.2 · 10�10 m2 s�1, containing the signals from glucose; (C) projection of the
1-propanol; (D) projection of the diffusion range 12.0 to 12.7 · 10�10 m2 s�1
are now spread out in two dimensions, as seen in
the least attenuated COSY spectrum drawn from the
3D-COSY-IDOSY dataset (Fig. 5A). In Figs. 5B–D
sated sequence of Fig. 1D. (A) 2DJ spectrum for the lowest gradient
onto the 2DJ spectrum plane of the diffusion region from 6.5 to
diffusion range 10.3 to 10.7 · 10�10 m2 s�1, containing the signals from
containing the signals from ethanol.
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three excerpts are shown from 3D-projections onto the
COSY plane for different diffusion ranges of the 3D-
COSY-IDOSY spectrum, containing the peaks from
camphene, geraniol and quinine. Just one cross-peak,
no 7, is unresolved in the COSY spectrum and con-
tains signals from two components (quinine and
geraniol).

The convection compensation of 2DJ-IDOSY is dem-
onstrated for the overlapping signals around 3.6 ppm, in
sample 2. In the 2D-DOSY spectrum (Fig. 6), these sig-
nals are not resolved in either dimension. In the 2DJ
spectrum they are resolved into two doublets of doublets
and a triplet originating from glucose, a triplet from 1-
propanol, and a quartet from ethanol, which are well-
separated in the diffusion dimension of the 3D 2DJ-
IDOSY spectrum of Fig. 7. Recording the same experi-
ment using the normal, uncompensated, 2DJ-IDOSY
sequence did not result in usable data at this
temperature.
6. Conclusions

Convection can cause grave problems when trying to
determine diffusion coefficients using PFG-NMR exper-
iments. Convection-compensated pulse sequences can be
a convenient and effective way of dealing with the prob-
lem. In many experiments, the compensation can be
included with little or no loss of signal-to-noise ratio.
This has been demonstrated for two 3D-DOSY experi-
ments of the IDOSY family: 2DJ-IDOSY and COSY-
IDOSY.
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