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High Resolution Diffusion-ordered Spectroscopy (HR-DOSY) is a valuable tool for mixture analysis by
NMR. It separates the signals from different components according to their diffusion behavior, and can
provide exquisite diffusion resolution when there is no signal overlap. In HR-DOSY experiments on 'H
(by far the most common nucleus used for DOSY) there is frequent signal overlap that confuses interpre-
tation. In contrast, a 13C spectrum usually has little overlap, and is in this respect a much better option for
a DOSY experiment. The low signal-to-noise ratio is a critical limiting factor, but with recent technical
advances such as cryogenic probes this problem is now less acute. The most widely-used pulse sequences
for 3C DOSY perform diffusion encoding with 'H, using a stimulated echo in which half of the signal is
lost. This signal loss can be avoided by encoding diffusion with '3C in a spin echo experiment such as the
DEPTSE pulse sequence described here.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Diffusion-ordered spectroscopy (DOSY [1,2]) is a powerful tool
for the analysis of intact mixtures by NMR. In DOSY we distinguish
between signals from different components by their diffusion
behavior, which is typically governed not only by the hydrody-
namic radius but also by the interactions between mixture compo-
nents [3,4]. DOSY is usually carried out by measuring a set of NMR
spectra with increasing pulse field gradient strength, using a pulse
sequence derived from the gradient spin echo or stimulated echo.
This results in signals being attenuated as described by the
Stejskal-Tanner equation [5]:

S = Spe Dried (1)

where S is the signal amplitude, Sp is the amplitude in the absence
of diffusion, D is the diffusion coefficient, § is the gradient pulse
width, y is the magnetogyric ratio, G is the gradient strength, and
A’ is the diffusion time corrected for the effects of finite gradient
pulse width.

In High Resolution DOSY [6,7] (HR-DOSY) each peak height (or
area) attenuation curve from the arrayed experiment is fitted to an
appropriate form of Eq. (1) to obtain the diffusion coefficient [8]. A
2D plot is calculated with the NMR spectrum in one dimension and
with diffusion in the other. This second dimension is constructed
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by centering the peak at the fitted diffusion coefficient and giving
it a Gaussian peak shape determined by the fit statistics. The signal
shape in the diffusion dimension can be defined as:
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where g; is the standard error of the fit for the signal j and D; is the
diffusion coefficient obtained in the fit.

The underlying assumption in HR-DOSY is that only one signal
contributes to each peak, i.e. that there is no signal overlap. When
this is true the resolution in the diffusion dimension can be as good
as 0.5% [9]. When signals do overlap, however, as is commonly the
case for at least a small proportion of signals in typical 'H HR-DOSY
experiments, the result is normally a diffusion coefficient interme-
diate between those of the components contributing to the over-
lapped signal (J-modulation can complicate matters further [10]).
Signal overlap thus makes a HR-DOSY spectrum difficult to inter-
pret. Alternative processing methods include fitting each peak to
a sum or distribution of exponentials [9,11,12], or using the covari-
ance between different peaks from the same compound to decom-
pose a DOSY dataset into its component spectra in so-called
multivariate methods [13-20]. These can be very efficient, but
require high quality data and typically a minimum difference in
diffusion coefficient of 30%. The best diffusion resolution is clearly
achieved when component spectra do not overlap, and therefore
many different DOSY experiments have been devised in an attempt
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Fig. 1. DEPTSE pulse sequence. I and S are normally 'H and '3C respectively. Phases (in multiples of 90°) are cycled as follows: @;=02; &, =1; &3=1; ®;=0g15253s;

@5 =1,2,3,0,; and Pg = (02)4(13)4(20)4(31)a.

to minimize overlap. This can mean spreading the signals out in
more dimensions, as in 3D DOSY experiments [21-28] (e.g.
COSY-DOSY [21-23]), or using a less crowded parent spectrum
(e.g. pure shift DOSY [29,30]).

Most DOSY experiments use 'H because of its high NMR sensi-
tivity and because of the efficient diffusion encoding afforded by its
high magnetogyric ratio. However, 'H spectra often contain over-
lap, so the use of other nuclei such as '3C [25,31-37], 3'P [32,38],
5Li [39], 2°Si [26,40] or '°F [41-43] can be beneficial. 13C is gener-
ally a good choice for organic compounds as typical spectra are
very informative and seldom suffer from overlap. Indeed the first
published mixture analysis by diffusion NMR was performed using
13C, [44] but due to the low signal-to-noise ratio it was not a viable
experiment for many mixtures. Recent improvements in sensitivity
using cryoprobes and microcoils [45-48], and other methods
[49,50] now allow the acquisition of '3C DOSY data in reasonable
times. It is common practice to use polarization transfer to improve
sensitivity (albeit sacrificing signals from quaternary carbons), as
in modern '3C DOSY experiments such as INEPT-DOSY and DEPT-
DOSY [25,33]. In these experiments, diffusion encoding is typically
carried out on the 'H magnetization in a stimulated echo (STE) of
some form, followed by polarization transfer to '>C. The main

advantages of using the STE for diffusion encoding are reduced
relaxation losses during the diffusion time, and much less severe
J-modulation effects.

For diffusion encoding using '3C, there is no significant problem
with J-modulation (unless a 'C enriched sample is studied [34]),
and in small molecules T, is often similar to T;. Thus for mixtures
of small molecules it can make sense to use a spin echo (SE) for dif-
fusion encoding of the '>C magnetization, avoiding throwing away
50% of the signal in a STE. The fourfold lower gyromagnetic ratio of
13C necessitates using four times the gradient pulse area required
for 'H experiments with the same diffusion time, but using a spin
echo allows much longer gradient pulses to be accommodated.
Polarization transfer not only allows increasing the signal using
the magnetization from 'H, but it also allows increasing the repe-
tition rate of the experiments. The population difference used for
the polarization transfer is that of the 'H, so the repetition rate de-
pends on the longitudinal relaxation time T; of the 'H, which is
typically shorter than that of the 'C. The combination of DEPT
with SE (the DEPTSE pulse sequence of Fig. 1) is illustrated here
using a mixture of medium chain alcohols.

Introducing adiabatic inversion pulses into these SE based se-
quences can be helpful: they provide high inversion bandwidths,
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Fig. 2. 'H Oneshot [56] DOSY spectrum of a mixture of 1-propanol, 1-butanol, 2-pentanol and 3-methyl-3-pentanol.
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are insensitive to RF field inhomogeneity, and in appropriate
implementations can partially compensate for !Jcy variations by
exploiting the correlation between chemical shift and coupling
constant [51]. Such pulses need to be used in pairs to avoid severe
offset-dependence of signal phase [52]. Therefore, they can readily
be implemented in this sequence simply by replacing the two 180°
13C pulses with adiabatic pulses. Further improvement in compen-
sation of !Jo variations can be achieved by introducing a J-com-
pensated excitation element [53]. It should be noted that it is
important not to attempt to decouple during the diffusion-
encoding echo. This is for two reasons: first, the field gradients
used create large position-dependent resonance offsets that defeat
broadband decoupling, causing rapid signal loss, and second,
decoupling between but not during the gradient pulses can intro-
duce strong signal modulations as a function of the duration of
the gaps in decoupling necessitated by the gradient pulses [54].
In experiments where decoupling is important, as in the analysis
of liquid crystals, other approaches may be needed [55].

2. Experimental

Data were acquired for a mixture of 1-propanol, 1-butanol, 2-
pentanol and 3-methyl-3-pentanol with a concentration of around
14mgmL ! each in deuterated water, with 4 mgmL~' TSP (so-
dium 3-(trimethylsilyl)-propionate-2,2,3,3-d,4) as a reference. Mea-
surements were carried out non-spinning on a Varian VNMRS 500
spectrometer in an air-conditioned room at approximately 18 °C,
with spectrometer temperature regulation set at 23 °C and with
an active air preconditioning system used to minimize tempera-
ture variations. A '"H DOSY spectrum was measured in 30 min
using the Oneshot sequence [56] with 12 gradient amplitudes
ranging from 12 to 54 G cm™! in equal steps of gradient squared,
using 16 transients, 16384 complex data points, a total diffusion-
encoding gradient pulse duration of 1.4 ms and a diffusion time
of 0.1s. The time averaging was used to improve the signal-
to-noise ratio, but also serves to attenuate signals from unwanted
coherence transfer pathways. >*C DEPTSE measurements were car-
ried out using 10 gradient amplitudes ranging from 6 to 54 G cm™!
in equal steps of gradient squared, 1024 transients, 65,536 com-
plex data points, a pulse flip angle 6 of 45°, a diffusion-encoding
gradient pulse duration of 6.0 ms, and a diffusion time of 0.05 s,

in a total time of 43 h. Oneshot-INEPT [25,56] measurements were
carried out using 10 gradient amplitudes ranging from 6 to
54Gcm™! in equal steps of gradient squared, 1024 transients,
65,536 complex data points, a refocusing delay of 1/(4'Jcy) (equiv-
alent to a pulse flip angle 6 of 45° in DEPT), a diffusion-encoding
gradient pulse duration of 1.4 ms, and a diffusion time of 0.05s,
in a total time of 43 h. All spectra were manually phase corrected,
and either Fourier transformed with 1 Hz Lorentzian line broaden-
ing to minimize the effect of any variation in lineshape between
spectra while avoiding excessive loss of resolution, or in the case
of 'H DOSY, reference deconvoluted [57] to a line width of 1 Hz.
All data processing was carried out using the DOSY Toolbox [58].

3. Results and discussion

The 'H DOSY spectrum of the mixture of 1-propanol, 1-butanol,
2-pentanol and 3-methyl-3-pentanol (Fig. 2) is not straightforward
to interpret. Severe overlap in the region between 0.8 ppm and
1.6 ppm, and the similar diffusion coefficients of the mixture com-
ponents, make it difficult to disentangle the spectra of the individ-
ual components. The diffusion coefficients are also too similar for
more advanced processing methods such as biexponential fitting
[9] or SCORE [20] to be successful. The resolution increase in 3C
experiments means that they show no significant signal overlap
for this sample, allowing simple monoexponential fitting to be
used; results for the Oneshot-INEPT experiment are shown in
Fig. 3. The signal-to-noise ratio for the first increment of the latter
experiment was about 200:1, while that in the corresponding 'H
Oneshot data was about 50,000:1. In the former it is the S/N ratio
of the data that limits the accuracy of the diffusion coefficients ob-
tained, whereas in the latter it is signal overlap. The effect of the
twofold improvement in S/N ratio afforded by the DEPTSE experi-
ment can be seen in Fig. 4, where the diffusion resolution is signif-
icantly better than in Fig. 3. In both Figs. 3 and 4, peaks belonging
to the different alcohols all appear at the correct diffusion coeffi-
cient, allowing the identification of all the species present, in con-
trast to the situation in Fig. 2, where signal overlap results in
ambiguity.

Similar results to those of Figs. 3 and 4 can be achieved by com-
bining the INEPT sequence with a 3C spin echo. The applicability
of both DEPTSE and INEPTSE sequences is limited by the transverse
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Fig. 3. 3C Oneshot-INEPT DOSY spectrum of a mixture of 1-propanol, 1-butanol, 2-pentanol and 3-methyl-3-pentanol.
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Fig. 4. '>C DEPTSE DOSY spectrum of a mixture of 1-propanol, 1-butanol, 2-pentanol and 3-methyl-3-pentanol.

13C relaxation of the molecules in the mixture; this is not a prob-
lem inside the extreme narrowing condition, where the T,s are
close to the T;s, as is the case for small molecules. Sequences per-
forming diffusion encoding on '3C require a diffusion-encoding
gradient area four times larger than that for 'H-encoded experi-
ments such as the previous INEPT-DOSY and DEPT-DOSY se-
quences, so it is necessary to choose experimental parameters
that do not exceed the gradient duty cycle or pulse width that
the gradient coil can sustain. Most modern gradient systems can
however provide significantly longer pulses and higher duty cycles
than those used here.

4. Conclusion

The use of heteronuclei such as '>C for DOSY analysis is very
beneficial when the corresponding 'H spectrum is too highly over-
lapped for successful interpretation of the HR-DOSY spectrum, but
suffers from low sensitivity. When diffusion encoding is performed
using a spin echo instead of a stimulated echo there is a sensitivity
improvement of a factor of two for small molecules. This technique
is potentially useful in the analysis of mixtures of small molecules,
for example liquid foods [59], where overlap is a problem in the 'H
spectrum.
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