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ABSTRACT: The potential of diffusion-ordered 2D NMR spectroscopy (DOSY) for the analysis of solutions
of polymer mixtures and polymers with complex molecular mass distributions is investigated. Diffusion
coefficient labeling in NMR is generally achieved by stepwise ramping up of the amplitudes of pairs of
pulsed field gradients (PFGs). After Fourier transformation in the acquisition dimension and an inverse
Laplace transform (ILT) with respect to the square of the gradient strength, 2D spectra are obtained
that show the chemical shift along one dimension and the translational diffusion coefficient along the
other. Since polymers may have broad, nonsymmetric or complex (bi- and multimodal) molecular weight
distributions (MWDs), the diffusion coefficient distribution should follow the main features of the MWD.
However, the calculation of the diffusion coefficient distribution involves a numerically unstable data
inversion (ILT), which limits the resolution in the diffusion dimension. The applications of DOSY NMR
techniques to the study of polymer blends and for the determination of MWDs of polymers with PFG
NMR are assessed. DOSY spectra recorded from industrial polypropylene and polystyrene samples and
mixtures are shown and interpreted to illustrate the features of this technique.

Introduction

NMR spectroscopy of polymer solutions is well estab-
lished for polymer structure elucidation.1-4 The micro-
structural properties of the polymers ultimately show
up in different chemical shifts of the different spin sites.
Resolved 13C chemical shifts permit assignment of
different local structural environments, and it is possible
to obtain even stereospecific sequence analysis of the
polymer chain.2,5

In contrast, proton spectra of polymers are usually
not well resolved, mostly because of fast transverse
relaxation, but also because distributions of different
molecular species prevail. It is often impossible to
determine which signals pertain to different molecular
species and which ones to different structural units in
the same species. Diffusion-ordered NMR spectroscopy
(DOSY),6-9 which employs pulsed field gradient (PFG)
NMR, bears the potential to solve such kinds of prob-
lems. In these spectra chemical shift information in the
directly observed (t2) dimension is dispersed by trans-
lational diffusion coefficients in the indirectly observed
dimension. An inverse Laplace transform (ILT) is used
to resolve signals with identical chemical shifts but
different diffusion coefficients from a gradient strength
dependent decay curve.

We used the pulse sequence presented in Figure 1 to
obtain DOSY spectra. It is a PFG STE (stimulated
echo) sequence employing bipolar gradients10 and a
longitudinal eddy current delay (LED).9 It was found
to be superior to the original monopolar gradient
sequence8 in giving better resolution and sensitivity.
The phase cycle is the same as in ref 11 and was found
to give fewer artifacts than the one given in ref 10

because of additional cycling of the 180° pulses. This
was corroborated by a simulation of the coherence
transfer pathway selection steps by means of a program
we developed, which will be documented elsewhere.12

In a diffusion experiment using this pulse sequence,
each NMR signal is attenuated with increasing gradient
strength and translational diffusion coefficient Dm of the
molecular species it belongs to:

where the index m runs over all components in the
mixture. The delays T, δ, and τ are explained in Figure
1, and q ) γG δ is the effective gradient area. Since
the delays T, δ, and τ are not negligible, the factors fm,
that represent the abundance of the molecular species,
are also relaxation weighted. This weighting is constant
throughout the experiment (since the delays are not
changed) and will be considered separately later.

* To whom correspondence should be addressed at the Johannes
Kepler University. E-mail: norbert.mueller@jk.uni-linz.ac.at.
Fax: +43 70 2468 747. Phone: +43 70 2468 746.
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Figure 1. PFG STE sequence with bipolar gradients. The
phase cycle is φ1 ) x, x, y, y, -x, -x, -y, -y; φ2 ) y, -x, -x,
-y, -y, x, x, y; φ3 ) φ7 ) x; φ4 ) -x, -x, -y, -y; φ5 ) -y, -y,
x, x; φ6 ) -x; φreceiver ) 2(x,-x), 2(-x,x). The desired coherence
order pathway p(t) is drawn. Narrow and wide filled rectangles
represent the 90 and 180° rf pulses. The other rectangles
(unfilled) represent the ramped gradients, and the sine humps
represent the spoiler gradients.
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The multiexponential decay of eq 1 can be trans-
formed into a diffusion coefficient spectrum by an
inverse Laplace transform (ILT), which amounts to
finding the amplitude factors fm for a certain range of
decay components with different Dm.

We illustrate this for one isochromate in a spectrum
and use, b ) q2(T + 2δ/3 + 3τ/4), which can be regarded
as a pseudo time domain variable in the terminology of
multidimensional NMR.13 After a Fourier transform in
the directly observed dimension, the signal at each
frequency can be modeled by

with ε representing the random noise in the experiment.
The ordinary multiexponential least squares problem

consists of finding the parameters fm on a grid of Dm
values by minimizing the target function:

When the number of components is 2, this task is
easily accomplished by a biexponential least-squares fit.
With more components and in the presence of noise, this
quickly becomes an ill-posed problem14,15 as a conse-
quence of the nonorthogonality of the exponential func-
tions.

To handle such cases, regularization techniques are
available. The target function of eq 3 is changed to

where R is called the regularization parameter and Â
can either be the identity operator or the second
derivative operator (in the case of Tikhonov regulariza-
tion16). This procedure stabilizes the inversion problem
by adding a well-posed functional to the ill-posed least
squares functional16,17 (i.e., the condition that fm be
smooth). Very often this is the only a priori knowledge
about the solution that is available. The convergence
can be largely improved by supplying additional restric-
tions, such as moments of the fm distribution.18-20

There is still the question of how to choose the
regularization parameter R. We used two different
algorithms implemented in the programs NLREG21,22

and CONTIN,18,19 which differ in the approach for
choosing the regularization parameter.

While NLREG employs a self-consistent (SC)
method,22,23 CONTIN uses a probability model to chose
R from a range of values for which the solution has been
computed. A common assumption of both algorithms
is the noise being random Gaussian. For this reason
the results are heavily affected by systematic errors or
coherent artifacts while a moderate random noise level
does not have such a strong impact. NMR spectra often
contain non-Gaussian noise due to spectrometer and
pulse sequence imperfections. This is an important
motivation for the use of a highly optimized pulse
sequence, as in Figure 1, as opposed to simple gradient
echoes. The optimization comprises the minimization
of eddy current effects through the use of bipolar
gradient pulses and the longitudinal eddy current delay
Te, as well as the elimination of undesired coherence
transfer pathways by the phase cycle and orthogonal

spoiler gradient pulses, thus avoiding unwanted coher-
ence transfer echoes.

There exists a wide variety of methods for choosing
the regularization parameters.15-31 The solution pro-
duced by one single method has to be treated with great
care since it is by no means unique. It is possiblesand
necessarysin practice to improve the solution by impos-
ing certain physically plausible constraints on the target
function (positivity, smoothness, and smooth vanishing
at minimal and maximal Dm of fm). Johnson et al.32

used additional constraints with the CONTIN program
for a precise determination of the MW of polymers with
“monomodal” MWDs. In contrast, our goal is to sepa-
rate multimodal distributions without prior assump-
tions concerning the shape of the distribution.

It is very important to cross-check solutions using
different algorithms. We always performed the calcula-
tions with both programs (CONTIN and NLREG).
When significant differences in the results occurred,
plausibility criteria (spectral distortions, comparison
between slices with different frequencies, etc.) could in
most cases be used to rule out one solution. As a further
precaution we took care to transform only data with a
sufficient signal-to-noise ratio in the frequency dimen-
sion. The effects of high noise levels are shown in the
simulations of Figure 2. When the ratio of diffusion
coefficients of the peaks that have to be resolved is 10,
the necessary signal-to-noise ratio is around 100, while
it is around 1000 for a ratio of 3 (this number has to be
seen relative to the number of input points). However,
even if the peaks cannot be resolved, the moments

of the distributions obtained remain fairly accurate.33

A diffusion coefficient distribution (DCD) obtained by
the procedure described above can be used to get an
estimate about the corresponding MWD. For polymers
in very dilute solution there exists the empirical law:
34,35

where a ) 0.5 for a Θ solvent and 0.6-0.8 for a good
solvent. For quantitative application this relation
should be calibrated separately for each polymer/solvent
combination and the concentration range used. This
formula, however, does not take into account the impact
of molecular shape, which may even vary as the molec-
ular mass increases. Another pitfall is the occurrence
of microaveraging effects. Polymers in solution interact
at a fairly low critical concentration depending on the
molecular weight.32,34,35 This leads to averaging of the
DCD in the solution. Implications of these problems for
our measurements will be discussed in connection with
the results presented below.

Experimental Section
Sample Preparation. The polymer samples were dis-

solved in tetrachloroethane-d2. For homogenization the samples
were heated to 373 K for 12 h. The compositions of the
samples were (A) 0.2% PP1 + 0.8% n-decane, (B) 0.07% PP1
+ 0.04% PS, (C) 0.06% PP2, and (D) 0.07% PP3. The polymers
PP1, PP2, and PP3 (polypropylene) have the following char-
acteristics: Mw ) 44 000, Mw/Mn ) 3.3; Mw ) 261 000, Mw/Mn

) 16; and Mw ) 151 000, Mw/Mn ) 21.9, respectively (data from
GPC measurements with polystyrene as standard). PP1 is
predominantly isotactic, and PP2 and PP3 have additionally

Mk ) ∑
m

fm Dm
k (5)

D ∝ M-a (6)

S(b) ) ∑
m

fm exp(-Dmb) + ε(b) (2)

K ) ||S(b) - ∑
m

fm exp(-Dmb)||2 (3)

K ) ||S(b) - ∑
m

fm exp(-Dmb)||2 + R||Âfm||2 (4)
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atactic low molecular weight components. The PS sample was
a standard from Polymer Laboratories and had the following
characteristics: Mw ) 350 000, Mw/Mn ) 1.04.

The NMR spectrometer was a Bruker Avance DRX600
with an actively shielded triple gradient probe (5 mm), 90°
pulse (1H): 12 µs, Acustar gradient power supply.

Typical Parameters of the PFG STE Experiment
(Figure 1). T ) 100-200 ms, δ ) 2.6 ms, Te ) 24 ms, τ ) 2
ms, max. G ) 0.63 T m-1 in the z direction (calibrated by DH2O

) 2.3 × 10-9 m2 s-1 at 298 K), homospoil gradients 0.06 T m-1,
8 ms, orthogonal to diffusion gradients and to each other. The
number of scans was 32 or 64, the number of dummy scans
was 32 before the first experiment in the 2D series, the number
of sampled points in the gradient strength dimension was 64-
128 (with a linear gradient ramp) and 1024 in the spectral
dimension (frequency resolution was not a critical factor), and
the relaxation delay was 10 s (optimized to give the best time/
performance ratio). The temperature of 298 K was held
constant constant via the air conditioning system of the
spectrometer room.

Data Transformation. A C program was written to feed
the digitally filtered Bruker Xwinnmr spectrum after expo-
nential multiplication (LB ) 7 Hz), and Fourier transformation
in F2 into the programs NLREG or CONTIN for the ILT (only
columns where the signals exceeded a predetermined threshold
were used). The transformed columns were then assembled
again to form a 2D Xwinnmr spectrum. The typical param-
eters for the ILT were (for both programs): number of output
points, 32-64; regularization order, 2 (i.e., Â is the operator
for the second derivative in eq 4); use of a logarithmic D grid.
Additional constraints: positivity, smooth vanishing of the
function at minimum and maximum Dm. These parameters
were found to be optimal for the type of data investigated.
Fitting an additional constant offset was tried, but it reduced
the stability of the regularization process and was therefore
omitted in the results presented here.

Results and Discussion
In Figure 3 an example of a well-separated DOSY

spectrum is presented, which was acquired from a
mixture of n-decane with PP1 (sample A). It can clearly
be seen that the two substances have overlapping
signals in a normal proton NMR spectrum (as is
apparent from the F2 projection in Figure 3), but due
to their largely different diffusion coefficients it is
possible to separate the two components and thus to
obtain separate spectra (slices) for each of them. This
sample served as a test sample to optimize the experi-
mental setup as well as the numerical treatment of the
data. The spectrum also illustrates some drawbacks
inherent to the regularization method. Although the
signals from n-decane should have a narrow DCD, the
regularization broadens these signals quite significantly
in the diffusion dimension, exceeding the broadening
due to solution viscosity (for comparison, see also the
simulations in Figure 2).

Figure 4 shows a DOSY spectrum of a mixture of PS
and PP1 (sample B). Here, the signals also overlap in
the diffusion dimension since the average diffusion
coefficients of the components differ by a factor of
around 2 only and have broad distributions. However,
separate 1D slices can be obtained easily (Figure 4b). A
factor of 2 in diffusion coefficients appears to be the
practical resolution limitation of the use of the regular-
ized Inverse Laplace transform, as can be appreciated
from the simulations in Figure 2. The accuracy of the
diffusion coefficient dispersion of signals with different
chemical shifts is higher (on the order of 10%) since the
signals can be separated additionally in the second
dimension.

Figure 2. Regularized inverse Laplace transform of simulated data using the NLREG program. The simulated diffusion coefficient
distribution is represented by a dashed line, while the solid line represents the distribution obtained by data inversion. The ratio
of the diffusion coefficients of the peak maxima is 10 in (a) and (b) and 3 in (c) and (d). The Gaussian noise level is (a) 1%, (b) 3%,
(c) 0.1%, and (d) 1% of the first point in the decay (128 points were calculated). The calculated distribution shows significant
deviations from the actual one in (b) and (d) due to the higher noise level.

Macromolecules, Vol. 31, No. 19, 1998 Diffusion Separated NMR 6575



In general, the spectra displayed in a DOSY slice
along the frequency dimension is subject to the relax-
ation weighting imposed by the pulse sequence and
minor phase distortions arising from J-coupling evolu-
tion.

The spectrum in Figure 5 was obtained by transform-
ing the same experimental data with CONTIN and is
of lower quality. The projections show some oscillations,
which is a clear sign of undersmoothing (the regulariza-
tion parameter being chosen too low). The digital
resolution has little effect on the quality of the result
above a certain minimum value (i.e., the solution would
not be improved by increasing the number of points in
the diffusion dimension), since the regularization will
smooth out additional instabilities introduced by the
larger number of degrees of freedom. The PS signals
in the region of 1.5-2.2 ppm (Figure 5) are also shifted
toward the PP signals in the diffusion dimension.
Except for this example the programs performed equally
well for all the spectra presented here.

Examples for the application of DOSY to polymers
with bimodal MWDs are represented in Figures 6 and
7. These show DOSY spectra of PP2 and PP3 (samples
C and D). The corresponding gel permeability chroma-
tography (GPC) traces are represented in Figures 6c and
7c for comparison. It was possible to obtain separate
1D slices for the two components in both cases (Figures
6b and 7b).

The MWDs are well represented in the DCD, however
with some peculiarities:

(1) The components in the DCD are weighted accord-
ing to relaxation, as was discussed in connection with

eq 1. The different relaxation behavior of the signals
is a consequence of the differences in mobility and
molecular environment (mass, sterical situation). The
NMR signal corresponding to the low molecular mass
fraction clearly discernible in the GPC trace of Figure
6b disappears under the bigger peak in the DCD (Figure
6a). This is a consequence of the limitations of the ILT

Figure 3. DOSY spectrum of a mixture of polypropylene and
n-decane in tetrachloroethane-d2 (sample A), transformed by
NLREG. The acquisition parameters were T ) 120 ms, δ )
2.4 ms, τ ) 2 ms, and Te ) 20 ms. The 1D spectra in (b) were
obtained by integrating over the range of the logarithms of
the diffusion coefficient from -9.5 to -8.9 and from -10 to
-9.6.

Figure 4. DOSY spectrum of a mixture of polypropylene and
polystyrene in tetrachloroethane-d2 (sample B), transformed
by NLREG. The acquisition parameters were T ) 250 ms, δ
) 5 ms, and τ ) 2 ms. The 1D spectra in (b) were obtained by
taking the slices at the indicated positions in (a). Integration
was not used since this would result in contamination of the
spectra of the two components.

Figure 5. Same data as in Figure 4 transformed by CONTIN,
which in this case produced a result of lower quality than
NLREG. The main features of the spectrum are the same,
while the projections show oscillations, which is a clear
indication for an undersmoothed solution due to too small a
regularization parameter R.
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and probably also partly due to microaveraging effects.
However, the position of the lower maximum may be
determined from signals that occur at a unique chemical
shift, as is indicated by the dash-dotted line in Figure
6a.

Since relaxation weighting is usually different for
different parts of the same molecule, quantification of
the DCD is not straightforward.

(2) The positions of the two peaks in the DCDs of
Figures 6a and 7a are closer together than the MWD
would suggest (cf. eq 6 with an a of 0.5-0.8). Since the
DCD in Figure 7a is well resolved, we may attribute
the deviations of the peak positions solely to microav-
eraging effects. However, it cannot be ruled out com-
pletely that differences in coiling behavior of the dif-
ferent polymer fractions give rise to the deviations from

the relationship of eq 6, thus invalidating the assump-
tion of a single exponent a.

We have taken the view here that the GPC results
were more reliable than the DCD solely due to the fact
that the former technique is well established and we
therefore used it for reference. However, since the GPC
measurements are calibrated with respect to polysty-
rene as standard, the correct determination of the MWD
may be problematic. Furthermore, impurities may bias
the results, which can be separated in DOSY experi-
ments. In Figures 6a and 7a impurity signals were
found in the region of 2.2-2.5 ppm, which stem from
the production process of the polymer samples and may
influence the GPC results (in this particular case,
however, the effects are probably negligible due to the
low molecular weight). Apart from dynamic light scat-
tering (having limitations of its own) there does not exist
any other competitor to GPC that may challenge its

Figure 6. (a) DOSY spectrum of the polypropylene sample C
and (c) its corresponding GPC trace (smoothed). The trans-
formation was performed by CONTIN. The acquisition pa-
rameters were T ) 150 ms, δ ) 3 ms, and τ ) 2 ms. The 1D
spectra in (b) were obtained by taking the slices at the
indicated positions in (a). To emphasize the advantage of the
chemical shift dispersion in DOSY spectra, we show the
column slices through the 2D spectrum at the indicated
positions (dashed and dot-dashed projections) in (a). The two
cross-sections obviously belong to different components. Inte-
gration was not used for the slices since this would result in
contamination of the spectra of the two components.

Figure 7. (a) DOSY spectrum of the polypropylene sample D
and (c) its corresponding GPC trace (smoothed). The trans-
formation was performed by NLREG. The acquisition param-
eters were T ) 150 ms, δ ) 3 ms, and τ ) 2 ms. The 1D spectra
in (b) were obtained by integrating over the range of the
logarithms of the diffusion coefficient from -9.7 to -9.3 and
from -10.2 to -9.8.
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results. Thus DOSY represents a method that, while
largely supporting GPC results, also produces comple-
mentary information through the inclusion of chemical
shift labeling and consequently microstructural infor-
mation.

Both DCD curves in Figures 6a and 7a reveal further
that significantly different relaxation processes (trans-
verse and longitudinal) occur in the low and the high
molecular weight fractions. This could be used to
deduce further structural information of the polymeric
materials.

Conclusion. The application of DOSY NMR to the
investigation of polymer mixtures and MWDs of poly-
mers has been demonstrated here. Highly overlapping
proton spectra can be resolved by dispersion in a
diffusion coefficient domain. This should be of particu-
lar interest for the investigation of the homogeneity of
block, graft, cross-linked, or otherwise reprocessed
polymers. This technique is a notable complement to
GPC since it provides structural information not avail-
able from GPC alone, which also bears other experi-
mental problems. In DOSY spectra one can discrimi-
nate between different components of the sample by
their chemical shifts and their diffusion behavior at the
same time, so that impurities, additives, and plasticizers
may be identified easily. We would also like to note that
the detection of such impurities, which would go un-
noticed in GPC, could be very useful in quality assur-
ance of industrial polymer products. Another potential
application is the study of the coiling behavior and
interaction of polymers in different solution environ-
ments by the examination of the relation between the
MWD and the DCD. Detailed relaxation studies of the
different polymer fractions can be performed by use of
an additional relaxation labeling step or by variation
of the fixed delays in the pulse sequence.36,37 Chain
dynamics could be studied for narrow, well-defined
molecular mass fractions.

The limitations of the DOSY method presented are
mainly inherent to the data inversion. Other ap-
proaches in this field38,39 are likely to have very similar
problems. Improvements in NMR hardware and devel-
opment of more sophisticated pulse sequences40 should
make it possible to eliminate still persistent artifacts
in the measurements, which is crucial for the success
of the unstable numerical data inversion techniques.
Diffusion separation can easily be combined with a wide
variety of NMR techniques available today. Recently,
inverse Laplace transformation algorithms for DOSY
have become available in a commercial NMR processing
package.41 Therefore we believe that 2D NMR DOSY
spectroscopy and its recently reported three-dimensional
extensions42-45 will find their way to standard applica-
tions in polymer research and quality assurance of
advanced polymer materials.
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