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Diffusion-ordered spectroscopy (DOSY) is a powerful method for the NMR analysis of many types of mixture
without the need for physical separation, and requires only relatively standard spectrometer hardware. The
principal requirements for high resolution analysis using DOSY, that the basic NMR spectrum be well-resolved
and that it have good signal-to-noise ratio, pose a dilemma where multiple chemically similar species with
NMR-active heteronuclei are involved. Generally the 'H spectrum of such a mixture has good sensitivity but
relatively poor chemical shift resolution, while for heteronuclei the situation is reversed. The dilemma is
illustrated for the case of a mixture of cyclic dimethylsiloxanes, and the results of a range of 'H 2D DOSY, >°Si
2D DOSY and 'H {*’Si} 3D DOSY-HMQC experiments are compared. In selecting the most appropriate
technique to use for a given sample it is necessary to balance conflicting requirements for speed, resolution and
accuracy, and to consider the balance between systematic and random errors. Results are presented for three
different concentrations of a mixture of cyclic siloxanes containing between 4 and 20 monomer units. The
diffusion coefficients measured show an inverse half power law relationship with molecular mass.

Introduction

Diffusion-ordered NMR spectroscopy (DOSY)!? uses pulsed
field gradient spin or stimulated spin echo experiments to sepa-
rate the NMR signals of the different components of a mixture
on the basis of their diffusion characteristics. Experiments first
dephase, and then, after a diffusion-encoding delay, rephase
the nuclear magnetisation, using pulsed field gradients. A
series of echo spectra are recorded with a range of gradient
strengths, encoding information on diffusion coefficients into
the attenuation of signals. Fitting the decay of signal ampli-
tude to the expected Gaussian dependence on gradient strength
allows a diffusion coefficient D and an associated error esti-
mate op to be obtained for each non-overlapping signal in a
spectrum. A 2D DOSY spectrum can then be synthesised in
which the 1D spectrum is extended into a second, diffusion,
domain with signals dispersed with Gaussian lineshapes
centred on the calculated diffusion coefficients D and with
widths determined by the estimated errors op. DOSY methods
rely on obtaining clearly resolved NMR signals, so in crowded
spectra it can be helpful to extend the experiment to a third
dimension, a series of diffusion-attenuated 2D spectra being
measured for different gradient strengths and a 3D DOSY
spectrum then being synthesised. This paper examines the
application of a range of different 2D and 3D DOSY techni-
ques, several of them novel, to a mixture of cyclic dimethyl-
siloxane oligomers.

The chemistry of silicon, with its propensity for forming ring
and cage structures through oxygen linkages, is a rich source of
challenging problems in mixture analysis. The potential of 2°Si
DOSY for unravelling the complex chemistry of alkaline aqu-
eous silicate solutions has recently been illustrated;® here some
alternative strategies for investigating dimethylsiloxanes are
explored. The relatively wide chemical shift range and long
Ty’s of 2°Si in dimethylsiloxanes make directly-detected >°Si
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DOSY an attractive alternative to 'H DOSY, the latter requir-
ing extreme resolution enhancement if signals of similar
dimethylsiloxane species are to be resolved. Unfortunately
the relatively low receptivity of 2°Si limits the utility of
directly-detected DOSY to concentrated samples; even with
isotopic enrichment, sensitivity is far below that for 'H. A
useful palliative where suitable scalar couplings exist between
'H and ?°Si is to use polarization transfer from protons to
enhance the 2°Si signal.* As well as giving the expected increase
in available >°Si spin-state polarization, this can give a signifi-
cant further reduction in experiment duration because 'H
spin—lattice relaxation times are typically far shorter than those
of ?°Si. It also allows diffusion encoding and decoding to be
applied to 'H rather than to 2°Si coherences, reducing the field
gradients required by a factor yy/7s.

A further possibility is to exploit the two-bond couplings
between 'H and 2°Si in dimethylsiloxanes and use a DOSY-
HMQC? experiment, currently the highest resolution DOSY
experiment available. The DOSY-HMQC experiment may
be viewed either as a conventional "H 2D DOSY experiment
to which 2°Si chemical shift encoding has been added, or as
a '"H-*°Si HMQC experiment incorporating diffusion weight-
ing. The result is a 3D data matrix which, after double Fourier
transformation, consists of a set of 2D HMQC spectra with
different degrees of diffusion encoding. Measurement of corre-
sponding cross-peak volumes in successive spectra then
enables diffusion coefficients to be extracted by least squares
fitting of the cross-peak decays.

Cyclic dimethylsiloxanes —((CH3),Si0O),— offer a useful test
of DOSY methods; they show a smooth dependence of chemi-
cal shift on ring size,® and with careful adjustment of field
homogeneity it is possible to resolve signals from a wide range
of species. The relative freedom of motion within the rings
leads to both the 'H and ?°Si spectra showing a single signal
for each size of ring. In practice it is possible to resolve the
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2Si signals up to a ring size of about 16 units. For dilute solu-
tions, the effective resolution in the 'H spectrum is a little
poorer, due to the reduced chemical shift dispersion; for con-
centrated solutions this degrades further because linewidths
increase, chemical shift differences decrease, and experiments
are complicated by the presence of radiation damping effects.”
"H DOSY is therefore best suited to dilute solutions of rela-
tively small cyclic dimethylsiloxane oligomers, because of the
limited chemical shift range and concentration-dependent reso-
lution, while simple 2°Si DOSY without polarization transfer is
restricted to very concentrated solutions or *°Si enriched sam-
ples, because of the relatively low receptivity and long 7; of
2Si. Neither technique alone is directly applicable to the full
range of concentrations. Using DEPT or INEPT polarization
transfer to improve sensitivity and reduce recycle times extends
the concentration range of >’Si DOSY downwards by about an
order of magnitude,* but still requires relatively concentrated
samples. DOSY-HMQC, on the other hand, has the potential
to offer high resolution over a very wide range of concentra-
tions, by exploiting both 'H and ?’Si chemical shifts, but this
can be at the expense of slightly less accurate diffusion mea-
surements because of the difficulty of obtaining high purity
2D lineshapes. In this work three different samples were used,
covering two orders of magnitude in concentration.

Pulse sequences

The basic pulse sequence used here for 2D DOSY was the one-
shot sequence of ref. 8 (Fig 1a). However, the concentrations
used for sample 2 were sufficiently high for radiation damping
effects’ to be present (although not immediately apparent) in
"H experiments. These effects took the form of a slight (tens
of mHz) extra line broadening in normal 'H DOSY experi-
ments, and a significant distortion of the spectrum in which
signals to higher and lower frequency of the midpoint of the
band of dimethylsiloxane responses showed equal and oppo-
site phase errors. Both effects increased with signal amplitude,
and matched the known effects of radiation damping on multi-
plet signals.” For sample 2, therefore, the modified oneshot
sequence of Fig 1b was used' for '"H DOSY experiments; in
this, the flip angle of the first pulse is reduced in order to
decrease the net magnetization surviving the first part of
the pulse sequence and hence avoid the damping and phase
distortion of the resultant free induction decay.

Direct 2’Si observation requires very concentrated samples
and long experiment times, particularly given the need to avoid
any (negative) partial nuclear Overhauser effects. The sensitiv-
ity of ’Si NMR can be markedly improved by polarization
transfer,* so an obvious expedient here is to use an experiment
such as DOSY-DEPT or DOSY-INEPT.!! In general
INEPT'? is preferable to DEPT!? for polarization transfer
through small couplings such as those found in organosilicon
NMR,* because its lower overall duration leaves less scope
for relaxation and homonuclear couplings to cause signal loss.
The need to have relatively long precession periods within
the polarization transfer sequence provides a very significant
advantage in the context of DOSY, because it allows the
diffusion encoding and decoding steps to be folded into the
sequence. Previous polarization-transfer enhanced 2D DOSY
experiments, and almost all existing 3D DOSY experiments,
have used simple concatenation of existing pulse sequence
building blocks to achieve their effect, for example prepending
a pulsed field gradient stimulated echo to an HMQC sequence
in DOSYfHMQC.5 In the experiments used here, diffusion
encoding and decoding are added to both halves of the
J-modulated "H echo component of the INEPT sequence.
The use of two symmetrical diffusion-weighting segments in
opposite sides of a spin echo sequence has an added advantage
in cancelling some of the undesirable effects of main field
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Fig. 1 Pulse sequences for 2D and 3D DOSY measurements. (a)
“Oneshot” 2D DOSY sequence for direct observation;® and (b)
oneshot sequence modified to reduce radiation damping effects;'® (c)
diffusion-weighted and convection-compensated INEPT sequence
(INEPT-IDOSY); and (d) diffusion-weighted and convection-compen-
sated phase sensitive gradient HMQC sequence (HMQC-IDOSY). In
every case gradient pulses are followed by a recovery time of at least 1
ms. The phase cycling for sequences a and b is given in ref. 8; standard
phase cycling was used for the INEPT and gHMQC pulse sequences ¢
and d. Outward-facing vertical arrows in the gradient waveform G
indicate a gradient strength that is incremented, and inward-facing
decremented; in sequence d, F; quadrature detection is implemented
by combining datasets acquired with the solid and dotted gradient
waveforms.

disturbance by the gradient pulses. Because each delay uses
a gradient echo, convection compensationl‘"15 can be added
without any penalty in signal-to-noise ratio. The result is the
INEPT-IDOSY pulse sequence of Fig. Ic, in which convec-
tion-compensated diffusion-encoded 'H polarization is trans-
ferred to *°Si. The suffix IDOSY here indicates that the
diffusion weighting is internal to the INEPT sequence.
Existing DOSY-HMQC experiments are designed for corre-
lating directly bonded carbon—proton pairs, and hence use
only very short J-modulation delays. Here the leisure afforded
by the relatively small (typically ca. 6 Hz) two-bond 'H-*Si
couplings once again allows diffusion weighting to be folded
into the HMQC sequence, giving the HMQC-IDOSY
sequence of Fig. 1d, in which convection-compensated gradi-
ent echoes are used to add two diffusion-encoding periods to
HMQC. In both this case and that of the sequence of Fig.
lc, the direct incorporation of diffusion encoding into a hetero-
nuclear coherence transfer sequence gives a substantial (more
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than two-fold) sensitivity advantage over previous methods
using stimulated echoes.

Experimental

Three samples containing different concentrations of mixtures
of cyclic dimethylsiloxane oligomers, with the number of
repeat units ranging from 4 up to about 20, were prepared.
The synthesis of the cyclic species'® and their characterisa-
tion by 2°Si NMR® have been described previously. The first
sample (sample 1) consisted of a total of 0.7 ml containing
approximately 75% dimethylsiloxane mixture and 25%
deuteriobenzene by volume, and the second 45% v/v of a
dimethylsiloxane mixture of slightly different composition
and 55% deuteriobenzene. The third and most dilute solution
(sample 3) consisted of a 1.1% w/w solution of sample 2 in
deuteriobenzene, giving approximately 0.5% dimethylsiloxane
mixture by volume. The approximate molar concentrations
of individual cyclic species in the three samples were in the
ranges 25-250 mM, 15-150 mM and 20-200 pM respectively.

Measurements were carried out on two Varian Unity
INOVA narrow bore spectrometers, one at 500 MHz and
the other 400, both equipped with Performa II gradient pulse
amplifiers. Three different 5 mm probes were used, all with
actively-shielded gradient coils. On the 500 MHz spectrometer
a standard direct observation (normal geometry) broadband
probe (probe 1) with a gradient coil delivering nominal
gradients of up to 60 G cm~' was used. On the 400 MHz
spectrometer one probe (probe 2) was a standard broadband
indirect detection (inverse geometry) probe with a nominal
30 G cm ™! gradient coil; the other (probe 3) was an extensively
modified normal geometry broadband probe with a somewhat
picaresque history. Originally a 400 MHz probe, it suffered a
damaged capacitor and was in the process of being returned
for repair when it was stolen. After being dumped in the
Bridgewater canal it was recovered, washed, repaired, and
modified for use at 300 MHz, where it provided a suitably
challenging test for early work on gradient shimming.'” It
was then converted back to 400 MHz and a 60 G cm ™! gradi-
ent coil was added for the experiments described here. Probe 1
was used for direct observation >°Si experiments on the most
concentrated sample (sample 1), probe 2 for 'H and 3D
HMQC-DOSY experiments on sample 3, and probe 3 for all
other experiments. Digital signal processing was applied to
the data in real time. All experiments were carried out at room
temperature (ca 21°C), without temperature regulation but
with the probe cooling air passed through a copper tube con-
tained in a well-lagged water-filled bucket in order to ensure a
constant probe temperature; previous observation has shown
that this can maintain the probe temperature constant to better
than =+0.1°C over several hours.'® Automated z-gradient
deuterium shimming!” was used prior to acquisition. Chemical
shift referencing for experiments B to H followed the recent
IUPAC guidelines.”

Proton-decoupled 2°Si 2D DOSY spectra of samples 1 and 2
were measured (experiments A and B) using the oneshot
sequence of Fig. la with a diffusion-encoding gradient pulse
imbalance factor o of 20%. No 'H irradiation was applied dur-
ing the recycle delay. For sample 1, 6 gradient increments were
used in equal steps of nominal gradient squared from 2.6 to 37
G cm™! and 128 transients of 1024 complex points were
acquired per gradient level in a total time of 13 h; the basic dif-
fusion-encoding pulse duration ¢ was 4 ms and the diffusion
time 4 0.5 s. For sample 2, 10 gradient increments were used
in equal steps of gradient squared from 2 to 50 G cm™' and
192 transients of 8192 complex points were acquired per gradi-
ent level in a total time of 54 h; the basic diffusion-encoding
pulse duration § was 3 ms and the diffusion time 4 0.5 s. In
both cases mild Lorentz—Gauss resolution enhancement was
used; these and the subsequent oneshot 2D DOSY spectra
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were synthesised by fitting peak height attenuation as a
function of gradient strength A(¢?) to the equation

A(q*) = exp[—¢*D{A +0(e® = 2)/6 +2(a® — 1)/2}] (1)

and constructing a 2D spectrum in which each lineshape in the
initial spectrum is extended into the diffusion dimension with a
Gaussian lineshape centred on the fitted diffusion coefficient D
and with a width determined by the standard error op esti-
mated in the fitting process.' If the pulsed magnetic field gra-
dient may be treated as spatially uniform, the quantity ¢* is
equal to y°g?6%, where 7 is the magnetogyric ratio, g is the gra-
dient strength, and ¢ is the basic diffusion-encoding gradient
pulse duration. In practice, the magnitude of the gradient typi-
cally varies by 10-20% across the active volume of the sample,
and for accurate diffusion measurements over a range of diffu-
sion rates it is desirable either to replace g in the expression
for ¢* with a power series in g?", in which the coefficients are
determined by mapping the field gradient distribution within
the active volume of the probe, or to replace eqn. (1) or its
equivalent with a function tailored to the characteristics of
the probe used.® In this work, the experiment carried out on
sample 1 in probe 1 used the linear gradient assumption, with
the gradient amplitudes calibrated according to the manufac-
turer’s instructions (giving an estimated accuracy of 5% in gra-
dient, 10% in D), while the remaining experiments used the
power series method (typically improving accuracy approxi-
mately fivefold where the same pulse sequence is used for
gradient mapping and for diffusion measurement).

A 2D 'H decoupled ¥’Si 2D DOSY spectrum of sample 2
was measured (experiment C) using the INEPT-DOSY
sequence of Fig. 1c. 15 nominal field gradient amplitudes ran-
ging from 2 to 60 G cm ™! were used; for each, 32 transients of
2048 complex points were acquired, in a total experiment time
of 1 h. The basic diffusion-encoding pulse duration é was 2 ms
and the total diffusion time 4 40 ms. The proton echo time 7,
was 0.25/3JSiH = 36 ms, and the >’Si echo time 7, was opti-
mised at 8.2 ms. For the WALTZ proton decoupling during
data acquisition, a very low radiofrequency field strength of
110 Hz was used in order to minimise sample heating and
avoid convection. Data processing was as for the unenhanced
2Si DOSY spectra, but fitting the results to the expression

A(q*) = exp[—¢’D (4~ 40/3)] (2)

Proton 2D DOSY spectra of samples 2 and 3 were measured
(experiments D and E) using the sequence of Fig. 1b for the
concentrated sample 2 and that of Fig. la for the more dilute
sample 3; in both cases data were fitted using eqn. (1) and
WALTZ modulated 2°Si decoupling (again at a very low radio-
frequency field strength of 200 Hz) was used to prevent the >°Si
satellites of one peak overlapping another and distorting the
signal decay. For sample 2 an initial pulse flip angle of 15°
was used; 8 transients of 1024 complex points were acquired
for each of 15 gradient increments ranging from 2 to 32 G
cm~', in a total experimental time of 26 min. For sample 3,
4 transients of 1024 complex points were acquired for each
of 15 gradient increments ranging from 2.9 to 24.5 G cm™!,
in a total experimental time of 13 min. In both cases the basic
diffusion-encoding pulse duration é was 2 ms (i.e. each indivi-
dual gradient pulse was of duration 1 ms) and the diffusion
time 4 150 ms.

3D HMQC-DOSY spectra of samples 2 and 3 were
acquired (experiments F and H) using the pulse sequence of
Fig. 1d with basic diffusion-encoding pulse durations § of 2
ms and a total diffusion time 4 of 100 ms. For sample 2, 32 sin-
gle transient ¢ increments each of 1024 complex points were
acquired for 6 gradient strengths ranging from 2 to 32 G
cm !, and processed with Lorentz—Gauss resolution enhance-
ment in F, and Gaussian weighting in ¢, . The total data acqui-
sition time for all 6 phase-sensitive 2D spectra was 42 min.
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Sample 3 used similar parameters but with 4 transients and
128 increments, with 6 gradient strengths from 2.9 to 20 G
em ™!, and a total data acquisition time of 21 h. Diffusion coef-
ficients were determined for each 2D peak by fitting the rela-
tive volumes of corresponding peaks in the 6 spectra with
different field gradient pulse amplitudes to eqn. (2).

For comparison purposes, a 'H 2D DOSY spectrum of sam-
ple 3 was measured (experiment G) using the pulse sequence of
Fig. 1d to yield a "H DOSY spectrum filtered through the two-
bond coupling between 'H and ?°Si (the concomitant reduc-
tion in net 'H magnetization observed obviates the need to
reduce the flip angle of the initial pulse). The gradient pulse
durations and diffusion time used were the same as those for
the HMQC-DOSY experiment on this sample, while the gra-
dient levels, number of transients, number of complex data
points and total experimental time were the same as for the
2Si-decoupled 'H 2D DOSY spectrum.

Results

Table 1 lists the diffusion coefficients measured using the 8
experiments described above. The error limits quoted are twice
the standard errors calculated by the Levenberg—Marquardt
algorithm used for fitting the experimental data to eqn. (1)
or (2), and offer an estimate of the errors in relative diffusion
coefficients. The absolute accuracy of the diffusion coefficients
measured is considerably poorer because of (a) uncertainties
in gradient calibration (typically 10% for sample 1, better than
half that for the remaining experiments), (b) uncertainties in
temperature (typically giving rise to a 2-3% uncertainty in
D), and (c) systematic errors caused by overlap between neigh-
bouring peaks with different diffusion coefficients (small when
signals are well-resolved, but can be 5% or more where peaks
are extensively overlapped; see below). Of course, much larger
systematic errors can result if care is not taken to prevent
sample convection.

Fig. 2 shows the directly-observed 2°Si 2D DOSY spectrum
obtained using the oneshot pulse sequence on the most concen-
trated sample (sample 1, experiment A) with a 500 MHz spec-
trometer (operating at 99.3 MHz for 2°Si). The 1D spectrum
obtained for the lowest gradient strength is plotted at the top
of Fig. 2 to show the normal ?°Si spectrum. Signals are

Table 1 Diffusion coefficients in units of 107! m?

signal attenuation data, for 8 different experiments A to H*

well-resolved for n = 4 to n = 14, but signals for n>15 are
not resolved. Signals are reasonably narrow in the diffusion
domain, the long time averaging and high magnetic field giving
quite good signal-to-noise ratio and hence relatively low esti-
mated errors in D. Experiment B gave qualitatively very simi-
lar results, the reduction in magnetic field strength and probe
quality being compensated for by the more extensive time
averaging, but with the lower concentration and hence reduced
viscosity of sample 2 leading to an 80% increase in diffusion
coefficient. The INEPT-IDOSY pulse sequence applied to
the same sample (experiment C) gave the spectrum shown in
Fig. 3, and yielded the same diffusion coefficients within experi-
mental error, but with improved resolution in the diffusion
domain and in one fiftieth of the time.

The 'H spectrum of sample 2 is rather less well-resolved
than the 2Si, but offers much better sensitivity and hence
can be used for more rapid measurements and more dilute
samples. The '"H 2D DOSY spectrum of Fig. 4 at first sight
shows clear resolution of peaks until n = 13, with partially
resolved peaks for n = 14 and n = 15, but on closer examina-
tion lacks any resolved peak for n = 4. As the HMQC spec-
trum shows (see Fig. 6 later), the 'H chemical shifts for
n =4 and n = 5 in this sample are almost identical, and so
these two peaks coincide. Turning to the most dilute sample,
sample 3, the 2D 'H DOSY spectrum of Fig. 5 shows signifi-
cantly better resolution in both the spectral and diffusion
dimensions, reflecting the wider range of chemical shifts and
hence reduced signal overlap. The signal for n = 4 is now
clearly separated from that for n = 5, and reasonable peak
resolution is retained up to n = 15.

For samples intermediate in concentration between samples
2 and 3 (ca. mM), neither 2°Si 2D DOSY using the INEPT-
IDOSY sequence nor 'H using the oneshot sequence is entirely
satisfactory: the former is too insensitive, the latter may fail to
resolve the resonances of the two smallest rings. For all but the
lowest concentrations, the experiment with the highest poten-
tial resolving power is HMQC-IDOSY, in which signals are
resolved according to both 'H and *Si chemical shifts before
their attenuation is fitted to extract diffusion coefficients. Fig.
6 shows the first of the 6 HMQC spectra of experiment H,
on sample 3, with the results of the diffusion fit marked for
each peak. Such data may also usefully be plotted in 3D per-
spective form, as in Fig. 7. Here the projections of the 3D data

s~1, with doubled standard errors o, calculated in the two-parameter exponential fitting of the

Experiment A? B¢ Ce D¢ E¢ F¢ G H¢
Sample 1 2 2 2 3 2 2 3
Nucleus observed  2°Si 2si si 'H 'H 'H 'H 'H
Pulse sequence Oneshot Oneshot INEPT-IDOSY  Oneshot Oneshot HMQC-IDOSY 1D HMQC-IDOSY HMQC-IDOSY
n
4 4.30+0.22 7.74+0.38 7.744+0.08 11.51+0.10 7.41+0.12 11.64+0.34
5 3.92+0.09 6.99 +0.10 6.98 +0.06 (7.30)+0.06  10.46 £0.10 6.75+0.02 (7.11 £0.06) 10.51£0.26
6 3.65+0.11 6.63+£0.05 6.51+£0.06 6.60 £0.08 9.71 £0.08 6.22+0.03 6.51+£0.07 9.93+0.21
7 3.30+0.07 6.134+0.08 6.174+0.07 595+0.12 9.03+0.10 5.60+0.03 6.05+0.07 9.194+0.25
8 3.11+£0.07 5.76 £0.26 5.84 +0.07 5.70 £0.06 8.40£0.12 5.26 £0.04 5.58 £0.08 8.64+0.19
9 2.954+0.06 5.48£0.33 548 £0.14 5.29+0.11 8.07+0.12 5.13+£0.05 5.25+0.09 8.07+0.17
10 2.80+£0.12 5.19+£0.27 5.25+0.10 5.10£0.08 7.65+£0.09 4.85+0.05 4.95+0.09 7.68 £0.14
11 2.72+0.08 4.97+0.30 5.02+0.13 4.89+0.07 7.35+0.11 4.50+0.03 4.80+0.09 7.39+0.10
12 2.65+0.10 481+0.17 4.81+0.12 4.56+£0.10 7.134+0.10 4.234+0.03 4.63+£0.07 6.994+0.17
13 2.54+£0.05 4.64+0.18 4.60+0.10 (4.32£0.09) 6.80£0.10 4.03+0.02 4.324+0.09 6.69 +£0.26
14 2.45+0.07 4.37+0.14 4.404+0.09 (4.06 +0.06) 6.46+0.11 (3.99 +0.03) (4.21£0.06) 6.35+0.22
15 (2.18+£0.07) (4.36+0.17) (4.114£0.07) (3.78 £0.02) 6.11+0.09 (3.72+£0.02) (3.86 +0.09) 6.124+0.08
16 (4.07+£0.13)  (3.91+0.08) (3.68£0.04)  (5.67+£0.09) (3.48+0.03) (3.48 £0.06) (5.434+0.49)
17 (5.32£0.09) (5.72+0.11)
18 (4.80+£0.19) (5.50£0.68)

@ Bracketed figures are for signals showing severe overlap, where fitting the sum of two different decays leads to a compromise apparent diffusion coefficient. A, >Si
oneshot, sample 1; B, 29Si oneshot, sample 2; C, 298i INEPT-IDOSY, sample 2; D, 'H oneshot, sample 2; E, 'H oneshot, sample 3; F, HMQC-DOSY, sample 2; G, 1D
HMQC-IDOSY (¥Si-filtered 'H 2D DOSY), sample 2; H, HMQC-IDOSY, sample 3. > Experiment A was conducted on a 500 MHz spectrometer. ¢ Experiments B to
H on a 400 MHz instrument.
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Fig. 2 %Si DOSY spectrum for the most concentrated sample

(sample 1) of cyclic dimethylsiloxane oligomers measured in 13 h on

a 500 MHz spectrometer with the oneshot pulse sequence of Fig. la,
with (top) the normal 2’Si spectrum.

onto the #Si chemical shift/diffusion plane, the 2°Si chemical
shift/"H chemical shift plane and the "H chemical shift/diffu-
sion plane are shown. The first of these is equivalent to the
spectra of Figs. 2 and 3 (for samples 1 and 2 respectively),
but was measured on sample 3, which is far too dilute for
2Si signals to be measured directly.

The principal importance of DOSY is as an analysis tool for
separating the NMR signals of different-sized species, but of
course the diffusion coefficient values can also carry valuable
information. As mentioned earlier, with careful calibration it
is possible to obtain excellent diffusion accuracy using NMR
methods. However, where multiple species are present, pro-
blems with signal overlap arise. These are particularly acute
where, as in some instances here, the NMR signals are barely
resolved. This places a premium on accurate adjustment of
field homogeneity (shimming) and optimisation of data proces-
sing parameters such as resolution enhancement and baseline
correction. The experiments carried out here may be divided
into three classes. In experiments A and B (Figs. 2 and 3
respectively), signals are resolved according to 2°Si chemical
shift. Signal-to-noise ratio is at a premium, but there is little
or no overlap between signals up to n = 14 and so for most
of the data the contribution of overlap to systematic errors is
small. In experiments C, D and G (Figs. 4 and 5) proton spec-
tra are measured, and the very small chemical shift differences
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Fig. 3 %°Si DOSY spectrum for sample 2, measured in 1 h on a 400
MHz spectrometer with the INEPT-IDOSY pulse sequence of Fig. lc.
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Fig. 4 'H DOSY spectrum for sample 2, measured in 26 min with the
reduced initial flip angle oneshot pulse sequence of Fig. 1b.

make it impossible to avoid some overlap between the skirts of
adjacent lines. The effect on the data can be insidious: chemical
shift and diffusion coefficient both depend monotonically on
ring size, so the changes in apparent diffusion coefficient
caused by signal overlap do not lead to visible deviations from
a smooth dependence of D on n.

In contrast, in the 3D HMQC-DOSY experiments F and H
(Figs. 6 and 7) signal overlap leads to visible deviations of 5%
or more from the expected behaviour. The *’Si chemical shifts,
unlike the 'H shifts, do not vary monotonically with 7, so that
peaks from species of different sizes may show similar >Si
shifts and hence the tails of these peaks overlap in one spectral
dimension. At first sight this should not be a problem: signals
are dispersed as a function of both *°Si and 'H chemical shifts
and hence should be better resolved in the 3D DOSY
experiments (based on 2D experimental spectra) than in the
2D (based on 1D experiments). This is indeed the case as far
as the peaks proper are concerned, but the problem lies rather
with the fringes of the 2D lineshapes. These show weak but
broad ridges of positive and negative signal leading away from
peaks along the two frequency axes, probably attributable lar-
gely to the transient perturbation of the static magnetic field by
the field gradient pulses. In the great majority of multidimen-
sional NMR experiments such effects are of little or no signifi-
cance, since the data are relatively sparsely digitised in the two
frequency domains. In the 3D HMQC-DOSY measurements
made here, however, the need to obtain the best possible
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Fig. 5 '"H DOSY spectrum for sample 3, measured in 13 min with the
normal oneshot pulse sequence of Fig. la.
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Fig. 6 HMQC spectrum for sample 3, measured using the HMQC—
IDOSY sequence of Fig. 1d, annotated with the diffusion coefficients
(and in brackets, the estimated standard errors) obtained by fitting the
peak volumes in successive diffusion-weighted 2D spectra to eqn. (2).
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Fig. 7 3D representation of the results of experiment H (Fig. 6).
Each cross-peak is represented by a solid sphere with a vertical line
indicating the uncertainty in diffusion coefficient. The projections of
the 3D data onto the 2D 2°Si chemical shift/diffusion plane, the 2953
chemical shift/'H chemical shift plane and the 'H chemical shift/
diffusion planes are also shown, corresponding to the 2°Si 2D DOSY
spectrum (¢f. Figs. 2, 3), HMQC spectrum (¢f. Fig. 6) and 'H 2D
DOSY spectrum (cf. Figs. 4, 5) respectively.

spectral resolution leads to very well-digitised lineshapes and
the effects of poor lineshape purity, exacerbated by the need
for mild resolution enhancement, are clearly visible on spectra
displayed with low contour thresholds. The effect of the over-
lap is to displace peak maxima slightly up or down depending
on the particular combination of overlapping ridges, and hence
to give the small erratic shifts in apparent diffusion coefficient
visible on comparing diffusion coefficients in Table 1 measured
by 2D and 3D methods on the same sample.

The diffusion coefficients of individual cyclic dimethylsilox-
ane oligomers have been investigated extensively in their own
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right?*?? using the boundary-spreading technique. As the data

of Fig. 8 show, the dependence of diffusion coefficient on ring
size seen here for the three different benzene-dg solutions of
dimethylsiloxane mixtures parallels that seen earlier in toluene
and bromocyclohexane®!**? for samples containing only single
species. All the data for non-overlapping signals fit well to a
straight line in a log-log plot, showing that the diffusion coeffi-
cients scale approximately as the inverse square root of the
ring size. This is the scaling expected both for a rigid highly
oblate ellipsoid or thin disc?® (an appropriate model for very
small ring sizes) and for a cyclic random coil in a 6-solvent®!
(appropriate for flexible rings). The straight lines in Fig. 8
are the result of fitting the non-overlapped experimental data
for each of the samples 1 to 3, and show gradients of
—0.454+0.02, —0.44+0.02 and —0.45 £ 0.02 respectively. The
experimental data thus show very similar behaviour over the
full range from sample 1, where the individual species are
effectively dissolved in their peers with only a small amount
of benzene-dg present, to sample 3, in which the cyclic species
are in dilute solution in benzene-dg. The gradients seen in the
log-log plot differ slightly but significantly from the value of
—1/2 expected for a random coil, but are well below the slope
—1/3 seen where solvent is completely excluded from a folded
chain (as for example in globular proteins), and are in good
agreement with the gradient of —0.43 reported in ref. 21 for
intermediate molecular weight cyclic poly(dimethysiloxanes)
in toluene.

Conclusions

All four types of experiment, 'H DOSY, 2°Si DOSY, *°Si
INEPT-IDOSY, and 'H {*Si} HMQC-IDOSY, show clear
utility for the analysis of oligomeric systems such as these
cyclic dimethylsiloxanes. The separation of signals according
to diffusion coefficient allows easy assignment and size
discrimination, with the effects of size differences of less than
10% readily seen in the diffusion dimension. The simple rela-
tionship between ring size and diffusion coefficient is poten-
tially useful for the identification of rings of unknown size.
The diffusion coefficients measured show that the behaviour
of the individual components in this complex mixture of
dimethylsiloxanes is very similar to that seen previously in
monodisperse samples in other solvents. The power law rela-
tionship seen between diffusion coefficient and molecular mass
is close to that expected for a cyclic random coil in a 6-solvent;
the fact that the relationship is virtually unchanged on moving
from a very concentrated to a very dilute solution suggests that
differential solvation effects are not important in this system.
The choice between the different NMR techniques investi-
gated here depends inter alia on the chemical shift ranges
and relative receptivities of the nuclei involved, and the accu-
racy required. In the case of the cyclic dimethylsiloxane
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Fig. 8 Dependence of diffusion coefficient on ring size for the data of experiments A (sample 1, bottom), C (sample 2, middle) and F (sample 3,
top); left, linear plot; right, decadic log-log plot. Apparent diffusion coefficients for signals which are significantly overlapped are shown in brack-
ets, and were omitted from the linear least squares fitting of the data used to obtain the three straight lines shown.
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oligomers studied here, HMQC-IDOSY gives good resolution
and acceptable speed over a wide concentration range, 2°Si
DOSY of concentrated solutions also gives good resolution
but much more slowly, *Si INEPT-IDOSY is similar to 2°Si
DOSY but about two orders of magnitude faster, and 'H
DOSY gives slightly poorer resolution very quickly for rela-
tively dilute samples. The four techniques are affected to differ-
ent extents by systematic errors originating in signal overlap,
with HMQC-IDOSY the most vulnerable in systems where
the highest spectral resolution is required. The HMQC-
IDOSY results show that it is possible to obtain data with
2Si chemical shift resolution for dilute solutions in a small
fraction of the time needed for directly-observed experiments.
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