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ABSTRACT: Generalized correlation diffusion ordered spectroscopy (GECO-DOSY) has been employed to
increase the resolution of a more traditional DOSY experiment. We have compared purely linear polycaprolactone
(PCL) with that of a sample that also contains impurities, probably small cyclic oligomers formed as a side
product in the polymerization experiment. In low concentrations, cyclic PCL with more than two monomer units

is not normally detectable biH NMR, as there is little chemical shift contrast between the macrocyclic and
linear environments. However, analysis with GECO-DOSY allowed mathematical deconvolution of the NMR
spectrum and revealed that additional signals were present that were masked by the more intense linear PCL.
This is the first use of GECO-DOSY for analysis of polymer experimental data and has proved that the technique
has useful applications for polymer characterization. We also examine the effects of instrument errors commonly
associated with DOSY in conjunction with the use of GECO-DOSY.

often arise from the NMR probe design, and so pulse sequences
need to be chosen accordingly. There are several excellent
reviews that cover in depth the details of the experimental
method$*1°2% and postprocessing methods (DECRA, SVD,
MCR etc.)24-26 which aim to maximize either resolution in the
chemical shift domain or in the diffusion domain. Indeed, recent
advances in probe and pulse sequence design, along with the
advent of more powerful field gradients (allowing the study of
more slowly diffusing species), has led to the increased appli-
cation of DOSY to polymer mixture characterizatit§#0.21.2729

In general, the DOSY experiment is easy to perform and,
providing there is suitable chemical shift and diffusion contrast,
good analysis of individual components can be performed.
Limitations of the method exist when the diffusion coefficients
of individual species are similar, if the NMR signals overlap,
or if the polymer has high molecular weight dispersity. In this
epaper, we describe the use of the generalized correlation function
(GCF) as a practical method for overcoming the limitations of
the traditional DOSY experiment. In particular, we show that
the GCF can be useful for identification of analytical signals
that arise from species with very similar self-diffusion coef-
ficients or chemical shift® Furthermore, we show that this
and linear polymer using conventional characterization metho dsanalytical method_ is particularly suited to the characterization

i.e. H NMR) of prodgcts re§ult|ng from the e.R.OP of gaprolactong becguse
(ie. ) the cyclic and linear polymer exhibit very similar chemical shifts

Diffusion ordered spectroscopy (DOSY) is one of the many anq giffuse at similar rates when the cyclic component of the
powerful experimental techniques available to the NMR ixture is in a low concentration.

spectroscopisé—1° Available on almost any modern commercial
NMR spectrometer, the DOSY experiment provides a conve- Theoretical Basis
nient method of separating analytical signals from species that
exhibit different diffusion coefficients and hence molecular
weight in the case of polyméi&?%2linstead of those with a
specific spin systerf? The DOSY experiment is often applied

to a mixture of molecules of known compositighHowever,
increasingly, it has also been applied to mixtures of unknown
composition and serves as an analytical method for aiding
structure determination. An ideal DOSY analysis would provide
precise and accurate diffusional information while providing
resolution in the chemical shift domain; this goal is, however,
often difficult to achieve. The causes of experimental problems

Introduction

Enzymatic-mediated polymerizations have received increasing
popularity over the previous half a decade due to the concept
of replacing potentially toxic and damaging metal catalysts with
a “greener” alternativé> One polymerization process that has
found particular popularity is the enzymatic ring-opening
polymerization (eROP) ot-caprolactone to yield the linear
polymer.Candida Antarcticdipase B (CALB) is particularly
effective for this polymerization, giving high yields of a
relatively high molecular weight polymer with a polydispersity
typically less than 28 In a recent publication, we showed that
CALB immobilized on a crosslinked resin (Novozym-435) was
an effective catalyst for the polymerization of caprolactone in
supercritical CQ@.° While effective conversion of monomer is
readily achieved in the presence of catalyst, considerable side-
reactions have been shown to occur and, indeed, predominat
at high monomer conversiod$One important reaction is the
enzyme-catalyzed formation of cyclic polymeia intramo-
lecular trans-esterificatiod. Quick and easy quantification of
the cyclic component in an eROP process has proven difficult
due to the relatively small amount of cyclic component in the
polymer and also the inability to differentiate between cyclic

The GCF has been widely applied to vibrational spectroscopic
method&® such as infrared, Raman, and NIR spectroscap¥/;
more recently its use has been widened to chromatographic
techniques®—40 Eades and Noda have already shown that the
GCF can be applied to DOSY (GECO-DOSY), providing good
resolution in both the diffusion and chemical shift domahs.
Their examples showed that closely overlapped signals could
be differentiated and that the data could be presented in a more
traditional contour plot of chemical shift versus diffusion
coefficient. Noda and Ozaki also provided proof that each pair
of correlated signals was proportional to the natural logarithm
of the ratio of diffusion coefficients for exponentially decaying
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dynamic signals, thus providing quantitative information pro-
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vided a known diffusion coefficient is present in the analysis.
A brief outline of the GCF as applied to decaying signals is
given below in order to demonstrate the ease with which the
GECO-DOSY approach can be applied to traditionally collected
data®!

The GCF takes the general form, shown in eq 1, and relates
the degree of correlation between two independent signals at

coordinates); and o, while undergoing a perturbation. In the
case of a DOSY experiment, the perturbation appl&ds the
gradient strengthG represents the perturbation of the field
gradient strength, whilg represents the gradient strength in a
particular experiment), represents the Fourier frequeftpf
the signal with respect to the gradient strengthand Yo (v) is
the Fourier transform of the variation in the intensity of the
chemical shift,61. Y5(v) is the forward conjugate of the
Fourier transform of the variation in the intensity of the
resonance with respect ) at a chemical shift 0.

1 ) j(‘) ?1(1)).

D(01,05) +i1W(0,,0,) = 727G — G
Y;(v) dv (1)

min

The form of the GCF splits the signal into real and imaginary
components. The real componedt, represents the synchronous
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Figure 1. Conventional DOSY spectrum of PCL formed by enzymatic
polymerization (PCL-2). The figure clearly shows the poor contrast in
diffusion coefficients in the polymer region of the spectrum with only
a single diffusion species being observed. The protons that give rise to

relationship and describes the degree of similarity of two signals the triplet used in this report are marked with a star. The rapidly
at independent chemical shifts: because in the case of DOSYUiffusing CDCE solvent peak is labeled.

measurements, all signals decay during the perturbagjdghis
part of the solution is discarded. The imaginary compon&nt,

describes the “out-of-phase” relationships between two inde-
pendent chemical shifts. These vary at different rates depending
on the diffusion coefficients. In this case, signals that arise from

Upon depressurization, the product was dissolved in chloroform,
filtered to remove the enzyme, and precipitated in cold methanol.
The resulting polymer hadl,, of approximately 15 kDa and a
polydispersity of 1.8.

DOSY experiments were performed on a Bruker AV400

the same molecular species diffuse at the same rate and thergpectrometer (400.13 MHz fot) using a BBO probe with

is complete synchronicity between them; heféds equal to
zero. If, however, the correlation between tée arises from
species that diffuse at different ratég,will be nonzero: itis

z-gradients. The polymer was dissolved in CB@Ir analysis. To
reduce the effects of convection during the diffusion experiment,
the data was acquired at 26 with a nitrogen flow rate of 535 L

these cross-correlations that provide the resolution betweenh™ . Furthermore, the pulse sequence of Jerschow and Méiller,

species.

consisting of a double stimulated echo with bipolar gradient pulses

Practically, the calculation is simple to apply to data recorded modified to reduce the constant velocity effects of convection, was

from a DOSY experiment, provided that the perturbatidg)(

between each experiment is well-defined and kept constant. A
detailed description of calculating the asynchronous analysis is¢om 2 to 9

not provided here as it has been described elsewhé&p&!:42

utilized. The gradient pulse time was set to 8 ms with a diffusion

time of 140 ms. The maximum gradient strength of the probe was
53 G cmr?, and this was increased linearly over 24 experiments

5% gradient strength. Typically, 32 scans were co-added
to increase signal-to-noise for each experiment.

In this paper, we have concentrated on the asynchronous DOSY data were exported into Matlab (Mathworks, Inc. R14)

signals obtained from the OGlesonance on the PCL backbone

from a comma-separated value (CSV) export from MestreC. The

in order to reveal if the macrocyclic signals can be distinguished asynchronous calculation was performed by scripts written in-house
from the larger linear component. In this sense, the analysis is (Supporting Information). The signal used for analysis in this report
limited to the correlations associated with these triplet reso- Was the OCH triplet of PCL, centered at 4.004 ppm.
nances, centered at 4.004 ppm, although the technique can brﬁ . .

esults and Discussion

applied to the whole chemical shift range if required.

Experimental

Polymer Analysis by Conventional DOSY and GECO-
DOSY. The formation of cyclic PCL oligomers during eROP

A sample of purely linear polycaprolactone (PCL-1) was obtained Of caprolactone has been well documented in the Iiteréﬂure..
from Sigma Aldrich and used as received. The molecular weight Indeed, such species are predicted by the accepted mechanism

of the polymer fraction was 10 kDa with a very narrow polydis-

of CALB-catalyzed polymerization and is believed to be related

persity (1.04). A second sample of PCL (PCL-2) was synthesized to the concentration of initiator present during polymerization.

by enzyme-catalyzed ring-opening polymerization in supercritical
CQO;, as published previously. Typically, 0.4 g of Novozym-435
(10 wt % Candida antarcticlipase B immobilized on an acrylic
resin) was dried under vacuun¥{0 mTorr) for 16 h at 35C in

a high-pressure autoclaveCaprolactone monomer (5 mL, predried
over calcium hydride, followed by distillation under vacuum) was
added to the autoclave under a positive flow of @®prevent the

Figure 1 shows théH NMR spectrum of PCL-2 along with

the conventional DOSY spectrum of the data. The spectrum
consists of both linear and cyclic PCL, however, conventional
DOSY analysis is clearly unable to distinguish between the two
species. This is due to the fact that there is little chemical shift
dispersion between cyclic oligomers with more than three

ingress of moisture into the system. The autoclave was sealed,Monomer units and linear PCL. Hence, the DOSY experiment
pressurized to 1500 psi, and stirred by way of a magnetic stirrer Shows a broad dispersion of diffusion coefficients for PCL (as
bar in the autoclave. The reaction was allowed to proceed for 24 might be expected for a polydisperse polymer). Indeed, the

h, during which time 100% conversion of monomer was attained.

DOSY map of PCL-1 and PCL-2 are identical. This highlights
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' ' : i ] coupling between resonances that produce positive cross-

- .. correlations diffuse at a faster rate than couplings that have
negative cross-correlations, i.e., in this example, the cross-
correlation aty(2.75 ppm, 3.5 ppm) indicates that the first
coordinate signal (2.75 ppm) is the faster decaying resonance.
. This conclusion can be confirmed by examining the Gaussian
decay intensities, which clearly show that the quartet/triplet
peaks decay faster (largBrcoefficient) than the singlet/doublet
resonances.

sl In the above example, the four sets of resonances have clear

15 il o 4108 chemical shift resolution; however, cross-correlations that arise
close to they(vy,v1) diagonal indicate the presence of two
species with little chemical shift contrast. Noda et al. have

210° previously shown this resolution, where a clearesolution

’ between two different species in the GECO-DOSY maps is

present, even though the NMR resonances were close. The
’ excellent chemical shift discrimination of this technique also

s e e S
<= Triplet / Quartet
= Singlet / Doublet

o
=)

I
o

does not infringe on thé-domain resolution: under ideal
conditions (low noise and high numerical accuracy), the
D-domain resolution is large and two resonances can still be
differentiated at @& resolution of 1 data point. This exceptional
—4105 resolving power promotes GECO-DOSY as an extremely
powerful technique for DOSY analysis and is of a particular
4.0 utility to polymer mixtures where compounds may have very
il a8 el b 0 similar self-diffusion coefficients.
(V4) Chemical Shift / ppm
Line Narrowing/Broadening. Line broadening is a common

Figure 2. Asynchronous correlation plot produced by the Gaussian - . - .
decay of a simulated NMR spectra for resonances of two independent@'tifact of a DOSY experiment and is caused by a time-
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species. The off-diagonal cross-correlations [at coordina@s ppm, dependent inhomogeneity in the magnetic fi&ldhis loss of
2.75 ppm) andy(3.5 ppm, 2.25 ppm)] show that the two resonances homogeneity broadens the signal received by the spectrometer.
decay at different rates. The rate of line broadening is proportional to the rate of loss of

homogeneity; this may introduce a fortunate advantage for

GECO-DOSY as line-broadening will appear in the asynchro-

To extract meaningful information from the DOSY data, nous cross-correlaﬂons betwee.” d|ffere.nt. SPecies, which due
to differences in molecular weight exhibit different natural

generalized correlation (GECO) analysis was performed on the - - . .
DOSY spectra of PCL-1 and PCL-2. The results are presented_broaden'ng coefficients. GECO-DOSY analysis treats this data

in the following sections and a direct comparison is made In a unique manner Fhat Is easily id(_entified as a horizontal/
between the two data sets vertical cross-shape in each correlation map that is centered

Ideal Gaussian DecayTo demonstrate GECO-DOSY and about the resonance maximum. This pattern has previously been

understand instrumental effects and how they manifest them_identified and simulated as a line-broadening feature in FTIR
)gata. Figure 3 presents two Lorentzian resonances that have been

selves, an ideal signal, a broadening resonance, and frequenc . . . .
shifting resonances have been simulated. We apply this approac roadened at a small but constant rate, while the signal intensity

to the characterization of purely linear polycaprolactone and a decays in a Gaussian fashion.
linear/cyclic mixture synthesized via enzymatic ring-opening ~As evident in Figure 3, the cross-correlations between each
polymerization. signal present themselves as the cross-shape, with the positive
Figure 2 shows the asynchronous correlation plot of a hodes (gray/white) projecting horizontally and the negative
simulated NMR spectrum consisting of two Gaussian decaying hodes (gray/black) pointing vertically. This behavior can be
species. The spectrum contains a singlet, doublet, triplet, andexplained by the broadening of the resonance; as the overall
quartet to demonstrate the correlation maps obtained during thesignal intensity decays, the relative contribution toward the base
GECO-DOSY analysis: the singlet and doublet are resonancesOf the resonance increases and thus is positively correlated to
from the same species, the triplet and quartet are similarly the peak maxima, which does not exhibit any broadening. The
related, the Gaussian decay intensities for each species ardositive/negative nodes would be reversed if the resonances were
indicated in the inset of the spectra. As can be seen, there ard© be sharpening during the exponential decay. The greater the
two off-diagonal correlation signals between each of the speciesdegree of line broadening, the greater in size each of the lobes
(positive correlations are represented by graylwh|te and negativeassociated with the resonance. It should be noted that this effect
by gray/black). These cross-correlations indicate that the signalsProduces much weaker correlation signals than if there were
decay with differences iD; in fact, by applying Noda’s rules, ~ two species present (compare legend scales). Thus, it is possible
it is possible to ascertain that the resonances of the quartet and® detect any line broadening that is occurring during the
triplet decay faster than the resonances from the singlet andacquisition of the DOSY experiment. The fact that the overall
doublet (i.e., they have a larger value Bf. The absence of signallintensity is_dgcaying does not affect this correlation as it
cross-correlations between the doublet and singlé&,5 ppm, can with peak shifting.
1.5 ppm), indicate that the resonances arise from the same Peak Shifting. A variation of resonance frequency is one of
species; the same is true of the quartet and triplet. Because althe most difficult correlations to interpret when in conjunction
DOSY signals decay with a positive synchronous relationship, with decaying resonance intensity. If the resonance intensity
the application of Noda’s rules becomes particularly simple: were not decaying, the phenomenon would easily be distin-

the problems associated with conventional DOSY analysis for
polymers having components that are very similar in nature.



Macromolecules, Vol. 40, No. 4, 2007 GECO-DOSY Post-Processing Analysis of Polymef¥9

T TF T

5.00

g £
& 2000 g 11018
= £ 3975 F
mE o O & 3 e
25.20 3 +
< 2 4,000 -
E 0 g ’ 0
3] G *®
> 3 4025 o o L
-2000 4.050 - - | 11018
5.40
4075+ ) Line Broadening|
5.40 5.20 5.00 4075 4.050 4025 4.000 3.975 3.950 3.925
(V1) Chemical Shift / ppm (Vy) Chemical Shift / ppm

Figure 3. Simulation of the effect of peak-broadening on an Figure 5. Asynchronous correlation map from DOSY data of pure
asynchronous plot during a Gaussian decay of two Lorentzian linear polycaprolactone (PCL-1) in the OGFegion. The map shows
resonances. Both resonance signals exhibit a “cross” shape centereghe characteristic patterns of line broadening, the strongest signal of
about the resonance maximum; in this example, because the twownhich is centered about the triplet maximumdat 4.004 ppm.
Lorentzian resonances are overlapped slightly, the characteristic cross-

correlations also overlap. to unity. The first derivative of the data can then be taken to
R . regain the original form with the loss of only one data point.
- 1 The data can then be re-evaluated: if the signal is due to two
- ] A ] overlapped resonances, this “intermediate” correlation will return
el | i an overall null map, while a drifting signal will present a clear
I “butterfly”. The effect of a loss of homogeneity should result
in a systematic change i, and so the entire DOSY data can
be shifted to common maxima. The situation described here is
identical to an analysis of 1-dimensional spectra, where chemical
shift corrections are made; for example, aligning the spectra to
the internal standard TMS (0 ppm) or the proton resonance of
CHCI3 (7.26 ppm). This procedure can be automated in a
postprocessing environment. Having a strong knowledge of the
different DOSY artifacts and the ease at which these can be
identified by application of GECO-DOSY greatly simplifies
i analysis of DOSY experiments.
By developing a good understanding of the common DOSY
=) artifacts and how they can manifest themselves in GECO-
DOSY, we have applied the technique to conventional acquired
T e R T DOSY data, such as that presented in Figure 1. In the following
(V1) Chemical Shift / ppm sections, we demonstrate how GECO-DOSY can be used as a
Figure 4. Simulation of frequency-shifting during the Gaussian decay (00! to evaluate polymer mixtures.
of a single Lorentzian resonance. The asynchronous plot is very similar ~ Pure Linear PCL. Figure 5 presents the GECO-DOSY
to two highly overlapped but independent resonances. The inset showsanalysis of linear PCL (PCL-1) for the OGHhethylene triplet
the characteristic “butterfly” pattern typically, which was obtained from ¢ the 14 NMR spectrum; the Lorentzian resonances responsible
trggoﬁgwcee ?gt: C%’:nr?]cg;eggxﬁ’mtgg_decay by normalization of each for this pattern are located at (&)= 4.026, (b)d = 4.004, and
(c) 6 = 3.982 ppm.
guished by the observation of the classically described “but- In addition to obvious correlation between the respective
terfly” pattern (e.g., inset in Figure 4). However, when the peaks, Figure 5 suggests that line broadening occurs during the
resonance is decaying in intensity, two of the six-lobes increaseDOSY experiment. This can be concluded from the intense
in correlation intensity toward the direction of shift while the “cross” shape, which is located abodit= 4.004 ppm of the
remaining four decrease. This ultimately leads to a pattern that central resonance of the triplet (b). Line broadening, as opposed
appears to be identical to that obtained for two highly overlapped to narrowing, can be confirmed by examination of the correlation
independent resonances. An examination of the raw 1-dimen-lobe signs, which are positive in the horizontal and negative in
sional data is always recommended to ensure that the “butterfly” the vertical. The same pattern can be seen for the outer
pattern is not due to a systematic error in peak alignment. resonances of the triplet; their correlation intensity is somewhat
This situation can be resolved quite easily by isolation of less. Cross-correlations of the broadening resonances can be
the resonance. The data can be integrated and normalized suckeen, especially about the central resonance (b). Because of the
that the maximum value for each perturbatiorgas set equal large intensity, A§), of this signal, each of the cross-correlations

1000
0.80+

0.60 A

0.40 4

(V) Chemical Shift { ppm
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J (O ' degrees of line broadening, as would be expected for resonances
- : of equal initial intensity from the same chemical species.
] Therefore, this correlation map suggests that only a single
@ = chemical species is contributing to the signal intensity and this
species has a single diffusion coefficient: purely linear PCL.
Cyclic/PLC Mixture. Figure 6 shows the GECO-DOSY
: analysis of the PCL-2 polymer sample that was produced via
- Sepre s an enzymatic reaction. As can be seen in Figure 6, the GECO-
3.980 11018 DOSY analysis presents a different correlation plot than that
observed for the linear sample in Figure 5. Immediately, this
describes a chemically different system; a cursory analysis of
i o . i this sample would suggest that the two-polymer systems exhibit
significantly different dynamic behavior when subjected to the
4.020 @ . 0 GECO-DOSY analysis. However, closer inspection reveals that
the two samples both contain similar experimental artifacts. For
. example, both samples show a degree of line broadening (feature
waty . s B Ain Figure 6) during the course of the DOSY experiment. The
11016 correlation map in Figure 6 appears to be more asymmetric
about each of the Lorentzian resonances of the triplet compared
to that of the linear system. This behavior cannot be explained
by physical or instrumental effects. A possible explanation,
brought about by noting the tight butterfly section (feature B
ﬁ?;rceo?réIgt?grr:crgg)n?:ﬂasaﬁorgﬂg\ﬂlzntrzgagﬁ%fctz%?]{in%aée:cfg&:n(i:nL-2in in Figure 6), may be that the central Lorentzian resonance shifts
addition toacontribgtion fro)r/n additional species present in the mixgtjljre. In frequency during the course of t_he expgrlment, pe_rhaps
induced by a small temperature gradient. This hypothesis was
between this signal and the side peaksifand b-c) is strong. tested by aligning the maximum value of the triplet resonance,
However, cross-correlations between the two side peaks (a andas described previously. However, upon performing this cor-
c) is weaker, especially as these resonances overlap with therection, an identical GECO-DOSY correlation map was ob-
central resonance. The cross-correlations between (a) and (cjained, suggesting that a shifting frequency is not the explanation
appear because, at any time during the experiment, the broadenfor these features. Hence, the presence of an additional
ing of the two resonances results in two resonances that are outomponent beneath the more prominent triplet of the linear PCL
of phase with each other with respect to chemical shift. appears to be more probable.
However, these cross-correlations do not mean that the reso- lItis the differences imlynamic behaior between PCL-1 and
nances decay with different diffusion coefficients. On the PCL-2 that create different correlation maps. These differences
contrary, the width of the lobes from the cross-correlations of can be brought about by the introduction of other species of
the two outermost resonances show that they exhibit identical unique chemical shift and diffusion coefficients or by a deviation
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Figure 7. (A: left) Simulated correlation map of a Gaussian decayed triplet; the map shows the characteristic profile of line-broadening typical
of our DOSY data. (B: right) The correlation map produced by the addition of another triplet resonance, species 2, offset and overlapping with
species 1. The resonance signal intensities and Gaussian decay intensities are shown in the insets.
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Figure 8. (A, left) The correlation map produced by the addition of an overlapped but weak doublet, species 3, to the data presented in Figure 7b.
(B, right) The final simulation of PCI-2 formed by the addition of the rapidly, diffusing species 4 to the data presented in Figure 8a. The resonance
signal intensities and Gaussian decay intensities are shown in the insets.

in the mechanism of line broadening. It is most probable that a line broadening factor of 5%. The resulting correlation map
both of these contribute to the differences observed in this (Figure 7a) possesses many of the features found in Figure 5,
example. Small (cyclic) polymeric chains exhibit near-to- although more symmetrical. Figure 7a displays the entire
identical chemicals shifts to that of linear PCL. We have simulated DOSY spectra, which decay to zero. The correlation
assigned the differences in the two correlation maps to the map clearly describes three overlapped and broadening Lorent-
presence of these species. The presence of cyclics wouldzian peaks. A second set of triplet resonances was added to the
manifest itself in two ways: First, a small chemical shift contrast previous simulated dataset with frequencies 4.0216, 4.0145,
in the Hertz range (of approximately several tens of Hz), would and 4.007 ppm, the resulting correlation map of which is
influence the dynamic behavior of the overwhelmingly large presented in Figure 7b.
linear PCL resonances even though theid )¢ontributions are The triplet resonances of species 2 act to skew the correlation
smaller. Second, the presence of these species, which havenap; this skew manifests itself in the form an antisymmetrical
different diffusion coefficients, result in a different rate of line four-leafed clover pattern. The resonances of species 2 were
broadening, which contribute toward the dynamic behavior. The set at 10-fold lower intensity than that of the simulated PCL-1
effect of introducing such a resonance in combination with the triplet resonances. It is interesting to note that, although two of
PCL line-broadened resonances is that species that diffusethe triplet resonances from species 2 have identical resonance
quickly will produce resonances that dissipate rapidly from the frequencies to those found in the simulated PCL-1 signal, if
DOSY experiment. The effect is that the contributions to the these are removed from the simulation, the resulting GECO-
overall resonances change during the experiment, producing aDOSY map appears completely different, showing that the
unique dynamic behavior. Thus, the complicated profile evident dynamicbehavior of the overlapped resonances is unique. The
in Figure 6 not only suggests the existence of other species inaddition of these extra resonances does not visually perturb the
the sample, but also that these new species diffuse at a differentl-dimensional data and it provides a good approximation for
rate from that of the major component. Such information was the correlation pattern obtained for PCL-2 in Figure 6 despite
impossibleo gain from analysis of the conventional DOSY data. the cross-correlations lobes not being identical. Becaigsel
While such correlation maps clearly show the presence of intensitydoes not play a role in the overalbrrelation intensity
additional species in the mixture, the ability to qualify such these differences cannot be due to larger amounts of species 2
species would be a powerful additional benefit of GECO-DOSY. resonances underneath the larger simulated PCL-1 signal. This
To this end, we have set about to simulate the correlation mapdisadvantage of GECO-DOSY means that, while the presence
observed in Figure 6 with these principles in mind and also to of extra species can be demonstrated, a quantitative analysis
demonstrate these effects during the GECO-DOSY analysis. Thecannot be performed.
simulations presented here are not intended to replicate all of Further improvements in the simulation can be obtained by
the features of the GECO-DOSY map of Figure 6 but are including another two species, diffusing at different rates, which
intended to demonstrate the effects of perturbing the data byact to further perturb this correlation map. Furthermore, this
small underlying resonances from additional species and alsospecies must be diffusing at a faster rate in order to have a
to highlight the sensitivity toward these additional resonances. positive effect on the simulation. To this end, a doublet (4.0202
First, a triplet of Lorentzian resonances at frequencies and 4.006 ppm) was added to produce Figure 8a. So as not to
identical to those observed in PCL-1 (3.894, 4.0216, 4.007 ppm) perturb the 1-dimensional data, species 3 has a signal intensity
were mathematically set up to decay in a Gaussian fashion, with 20-fold weaker than the simulated PCL-1 signal. Although this
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