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1. Introduction

The structural characterization of isomers is a challenging task,
which is generally achieved through chromatography and
mass spectrometry, thus correlating molecular structure and
mass spectra.[1] Sometimes identification is not straightforward
by this means, so one has to find an alternative way to differ-
entiate these molecules. Diffusion-ordered spectroscopy
(DOSY), as proposed by Johnson[2] and based on the method
of Stejskal and Tanner,[3] may be used to accomplish this goal.
The diffusion coefficient is obtained from the attenuation of
the spin echo under the influence of a pulsed magnetic field
gradient.[4] This NMR method has provided interesting results
such as separation of multi-component solutions,[5] characteri-
zation of aggregates,[6] drug design,[7] chromatographic separa-
tion by NMR spectroscopy[8] and study of molecular interac-
tions, such as hydrogen bond strength.[9] In a recent applica-
tion of the method, L<demann et al.[10] were able to show that
in neat liquid N-methylformamide, the first molecular neigh-
bours to the cis conformer are arranged differently to those for
the trans conformer, thus explaining a retardation of diffusion
for the cis conformer.
Here, we show by DOSY-NMR spectroscopy the identification

of two isomers of general formula C12H18O3 which differ in
their shape. These isomers are components of an organic mix-
ture obtained in the course of an organic synthesis : isomer 1,
that is, 3-(allyloxy)-6-ethoxy-8-oxabicyclo[3.2.1]oct-5-ene, is the
starting material, and the product, isomer 2, is an adjacent bis-
THF acetogenin (Scheme 1). Unfortunately, mass spectrometry
was not able to characterize the two structural isomers as the
MS/MS analysis of both compounds revealed the same mass
fragmentation pattern. Nevertheless, the two compounds have
distinct proton NMR spectra in which high-field resonances
strongly overlap, but low-field signals are well separated; the
proton spectrum of the starting material 1 is clearly identified.
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DOSY-NMR experiments were used to characterize two structural
isomers that have different shapes, but identical mass fragmenta-
tion patterns, from an organic mixture. It is shown that the
spherical molecule diffuses faster than the ellipsoidal one. This
distinct behaviour is tentatively explained in terms of microfric-
tion effects from the solvent. Finally, to increase the resolution

and efficiency of the 2D DOSY map construction, the data were
treated with the regularized resolvent transform method. This
method provides good separation for mildly overlapped peaks
and requires fewer points than other classical DOSY processing
methods.

Scheme 1. Structural formulae of the two isomers.
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In addition, by use of the sAM1 modelling method for optimiz-
ing the geometries of the two isomers, it is shown that they
differ only slightly in their shapes (Figure 1): 1 is a globular
spheroidal molecule with an average radius of 450 pm (ex-
treme lengths are 1010, 840 and 830 pm), whereas 2 is a
rather prolate ellipsoid with a long semi-axis of 605 pm and a
short semi-axis of 380 pm (extreme lengths are 1210, 750 and
760 pm). These values correspond to molecular volumes of
about 374K106 pm3 (�8K106 pm3) in both cases. According to
the general Stokes–Einstein equation,[11] the difference in
shape of the two isomers should lead to different translational
diffusion coefficients D.

Herein, we discuss the applicability of the DOSY experiment
for determining the diffusion coefficients of isomers in a liquid
mixture. The reconstruction of the 2D DOSY spectrum is per-
formed using the regularized resolvent transform (iRRT)[12] (the
“i” in its acronym indicates the application along the imaginary
frequency axis). Although it is computationally very inexpen-
sive, the iRRT method appears very efficient in terms of both
resolution and sensitivity for spectra with pure multi-exponen-
tial decays in the diffusion dimension.

2. Results and Discussion

2.1. Diffusion Coefficients of the Isomers

The two diffusion coefficients were calculated using the peaks
at 4.55 ppm for 2 and at 5.25 ppm for 1. These two peaks are
well separated from other resonances, so they are described
by a mono-exponential function. Data were analysed by plot-
ting the signal intensities (areas) as a function of the gradient
strength, followed by non-linear least-squares fitting of the re-
sulting decay curves. For internal consistency, we checked the
method by calculating the diffusion for CDCl3, which was used
as a solvent, from the peak at 7.24 ppm: the value D(CDCl3)=
2.36K10�9 m2 s�1 obtained is in agreement with that of 2.27K
10�9 m2s�1 reported in international tables.[13] The diffusion co-
efficient for 2 was measured as D(2)=1.18K10�9 m2s�1 and for
1 as D(1)=1.38K10�9 m2s�1 (Figure 2), with experimental accu-
racy better than �5%.

The translational diffusion coefficient D of a solute in an in-
finitely dilute solution is traditionally estimated by the Stokes–
Einstein[11] Equation (1):

D ¼ kBT
6phr

ð1Þ

where kB is the Boltzmann constant, T is the absolute tempera-
ture, h is the shear viscosity of the solvent and r is the radius
of the solute particle. However, the failure of Equation (1) is
well documented:[14] the original theory associated with the
Stokes–Einstein equation is only valid when the size of the
solute molecules is large relative to that of the solvent mole-
cules, so that the solvent can be treated as a hydrodynamic
continuum. Significant effort has been devoted to adapting
and extending this theory to the cases where the sizes of the
solute and solvent molecules are on the same order of magni-
tude. Gierer and Wirtz’s[15] microfriction theory represents the
only theoretical modification where strong stick hydrodynamic
boundary conditions are relaxed. For the latter case, by assum-
ing spherical shapes for both the solute and the solvent mole-
cules, Equation (1) still holds provided the right-hand side is
multiplied by a microfriction factor ft as defined by Equa-
tion (2):

f t ¼
3r2
2r1

þ 1
1þ ðr2=r1Þ

ð2Þ

where r1 and r2 are the solute and solvent radii, respectively.
Note that, in this case, the microfriction factor only depends
on the ratio r1/r2.

For the nearly spherical solvent CDCl3, a Van der Waals
volume of about 71K106 pm3 is calculated from the atomic in-
crements reported by Edward,[16] which therefore gives r2
�256 pm. Introducing this value into Equation (2), together
with r1=450 pm for isomer 1, we obtain a microfriction factor
ft=1.49. Given a viscosity of 0.510 cP for CDCl3 at 300 K,

[13] and

Figure 1. The sAM1 optimized structure of the two isomers: a) the spheroi-
dal isomer 1 and b) the prolate isomer 2. The carbon atoms are coloured in
black, hydrogen in white and the oxygen atoms in grey.

Figure 2. Plot of the signal intensity I as a function of the gradient strength
g. Diffusion measurements are obtained on the Gaussian decay fitted by a
non-linear least-squares algorithm. The circles represent the normalized
signal integral of the peak at 5.25 ppm (isomer 1) and the crosses, the peak
at 4.55 ppm (isomer 2).
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using Equation (1) corrected by the factor ft, we obtain a diffu-
sion coefficient D(1)=1.44K10�9 m2s�1 which compares well
with the experimental value of 1.38K10�9 m2 s�1.
For the prolate isomer 2, the theory becomes more cumber-

some because the anisotropy in the molecular diffusion pre-
vents the use of a simple microfriction factor. Nevertheless, a
very simple but approximate expression, as given by Perrin,[17]

shows that the diffusion coefficient of the ellipsoid is depen-
dent on the ratio 1 of its axes under stick boundary conditions.
With 1=380/605=0.63, Equation (102) of Perrin[17] thus gives
Dp/Ds=0.98 for the ratio of the diffusion coefficient (Dp) of
isomer 2 to that (Ds) of isomer 1, which is clearly greater than
the experimental value of D(2)/D(1)=0.86. It is evident that
such a discrepancy results from approximations in Perrin’s
equations where rotation–translation coupling is neglected.[17]

Putting the long semi-axis of the prolate isomer 2 for the
radius r1 in Equation (2) yields the microfriction factor ft=1.34
and diffusion coefficient Dp=0.96K10

�9 m2 s�1. As expected,
this calculated value is now lower than the experimental value
D(2)=1.18K10�9 m2s�1. To try and improve this result, we con-
sidered the free rotation around the C�O�CH2�CH3 moiety of
the molecule and calculated an average shape of this isomer.
Weighting with the correct energy calculated for each con-
former, the average geometry of 2 gives a long semi-axis of
585 pm and a microfriction factor of 1.35, which results in a
diffusion coefficient of 1.01K10�9 m2 s�1.
Such an analysis seems to indicate that there is a strong ro-

tation–translation coupling in the translational diffusion mode
of the prolate isomer 2.

2.2. Construction of the DOSY Map by the iRRT Method

To immediately visualize the effects under study we construct-
ed a DOSY-NMR map. DOSY processing provides a 2D spec-
trum with NMR chemical shifts in one dimension and diffusion
coefficients in the other. In DOSY-NMR experiments, the re-
quired spectral information cannot be obtained by convention-
al means (such as Fourier transformation) as the spectral sepa-
ration in the diffusion dimension requires one to implement
either a multi-exponential fit or an inverse Laplace transform,
both of which are ill-posed problems.
In the most widely used scheme the multi-dimensional

DOSY data are Fourier transformed in all but the diffusion di-
mension, followed by a single-exponential fit in the diffusion
dimension. While effective for well-dispersed spectra, this
scheme is known to be unstable for overlapping regions. Sev-
eral methods have been developed to deal with this shortcom-
ing.[18] We chose to construct the DOSY map using the iRRT[12]

method, which has proved to be effective for treating moder-
ately overlapping data.
The regularized resolvent transform (RRT)[19] is a processing

scheme developed for multi-dimensional NMR experiments. It
is based on the assumption that the two-dimensional time
domain data, C(n,m), can be represented in the form [Eq. (3)]:

Cðn,mÞ ¼ FTUnLmF ð3Þ

with two commuting time-evolution operators U and L. Here,
F represents the fictitious initial state of the system. In the
case of the filter diagonalization method (FDM),[20] U and L are
diagonalized to extract the spectral parameters. However, by
using the analytical form of the discrete Fourier transform (and
correspondingly the inverse Laplace transform) of C(n,m) and
employing the assumption of Equation (3), a spectral represen-
tation can be obtained. In the case of DOSY, only the real data
in the diffusion dimension are available, so the pseudo-absorp-
tion spectral representation is used to obtain approximate
double-absorption lineshapes [Eq. (4)]:

Aðw,DÞ ¼ FT 1
ð1�U=uÞ2

1
ð1�L=lÞ2F

�
�
�
�

�
�
�
�

ð4Þ

where u=e�itw and l=eb
2DD ; t and D are the dwell times, and

b accounts for the Gaussian behaviour of the diffusion. Matrix
representations of the operators can be constructed from the
data, and reduced to linear least-squares problems to produce
a multi-dimensional spectral estimate according to Equa-
tion (5):

Aðw,DÞ ¼ jCTR�1
1 ðwÞU0R�1

1 ðwÞU0R�1
2 ðDÞU0R�1

2 ðDÞCj ð5Þ

where C, U0, R1(w) and R2(D) are the matrix representations of
the elements of Equation (4) (data matrices). While solutions of
these least-squares problems are unstable, several robust regu-
larization techniques for these problems exist, which makes
the RRT an ideal method to treat very ill-conditioned problems.
In DOSY spectroscopy, the proton time dimension is composed
of complex frequencies, and the diffusion dimension contains
real time decays. The RRT is a multi-dimensional process by
nature, so it can be easily adapted to treat this form of data, to
give the so-called iRRT method.[12]

We emphasize here that some important advantages of this
method for acquisition and processing in the DOSY experi-
ments include the following: it does not require a large
number of points in the diffusion dimension to achieve a high-
resolution spectral estimate, which allows one to substantially
reduce the experimental times; it also allows the separation of
overlapping components without having to guess the number
of compounds present in the mixture (i.e. the latter is not an
input parameter of the iRRT). Due to the nature of the regulari-
zation and the ability to process all dimensions of the signal at
once, the iRRT is often able to achieve resolution in cases
where other methods have difficulties.
Figure 3 shows a comparison of the 2D DOSY maps con-

structed using a non-linear least-squares fitting to a mono-ex-
ponential decay and by the iRRT method. With the iRRT
method the peaks are relatively sharp even in the region of
significant overlap from the two compounds. Moreover, the
iRRT is able to clearly separate the solvent from the two iso-
mers. As a result, two well-separated lines across the centres of
the computed peaks along the chemical shift dimension can
be drawn for each isomer.
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3. Conclusions

We were able to characterize two structural isomers using a
simple diffusion NMR experiment, processed by the robust
iRRT method. It is shown that the spheroidal isomer diffuses
faster than the ellipsoidal isomer. Moreover, the value mea-
sured for its experimental diffusion coefficient is qualitatively
well interpreted by the simple microfriction theory of Gierer
and Wirtz. Nevertheless, this crude theory fails to approximate
the slow diffusion of the ellipsoidal isomer because of a strong
translation–rotation coupling in its displacement.

Experimental Section

All spectra were acquired at 300 K on a Bruker Avance spectrome-
ter operating at the proton frequency of 500.13 MHz and equipped
with an inverse 1H cryoprobetm. A z gradient, shaped to a half-sine
bell, was used with a maximum intensity of 55K10�2 Tm�1. The
sample was dissolved in neat CDCl3 (99.96% deuterated).
The DOSY experiments were performed using the double-stimulat-
ed echo (DSTE) sequence, which is known to refocus the effects of
constant flow velocity.[21] The diffusion delay time (D) was 200 ms
and the gradient pulse length (d) was 2 ms. The data for measur-
ing the diffusion coefficient were acquired with 32768 points in
the direct dimension, and 16 points in the diffusion dimension.
The data for the DOSY spectrum were collected with equal g2 spac-
ing to enforce the exponential behaviour required by the iRRT;

32768 points were collected in the direct dimension, and only 8
points were collected in the diffusion dimension. The diffusion co-
efficients were calculated by the Simplex algorithm from the
Bruker software Xwinnmr 3.5. For comparison purposes, the DOSY
data were also processed by applying the Fourier transform to the
acquisition dimension followed by performing an exponential fit
for each frequency point. The algorithm from the Bruker software
Xwinnmr 3.5 was used, and the decay curves were fitted to a
mono-exponential decay with the Levenberg–Marquardt non-linear
least-squares algorithm.
The error in the fitting was �2%, whereas a statistical error of
�5% was obtained from several measurements. Notably, in con-
trast to single- and multi-exponential-type methods, the peak
width in the diffusion dimension for the iRRT was related to the
degree of regularization of the data rather than the error of the fit.
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Figure 3. Comparison of the DOSY spectra obtained by a mono-exponential
fit (a) and by the iRRT method (b) with the same contour levels. In contrast
to the standard DOSY method, one can distinguish the two isomers with
the iRRT method. In addition, a separation between the residual solvents
and the products is also clearly seen. Peaks at 2.35 and 3.48 ppm are arte-
facts from the toluene (CH3 peak) and the diethyl ether (CH2 peak), respec-
tively, which have nearly identical diffusions in CDCl3.
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