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Abstract

We present a design scheme for phase-sensitive, convection-compensating diffusion experiments with gradient-selected homonu-
clear double-quantum filtering. The scheme consists of three blocks: a 1/2J evolution period during which antiphase single-quantum
coherences are created; a period of double-quantum evolution; and another 1/2J period, during which antiphase single-quantum
coherences are converted back into an in-phase state. A single coherence transfer pathway is selected using an asymmetric set of
gradient pulses, and both diffusion sensitization and convection compensation are built into the gradient coherence transfer pathway
selection. Double-quantum filtering can be used either for solvent suppression or spectral editing, and we demonstrate examples of
both applications. The new experiment performs well in the absence of a field-frequency lock and does not require magnitude Fou-
rier transformation. The proposed scheme may offer advantages in diffusion measurements of spectrally crowded systems, particu-
larly small molecules solubilized in colloidal solutions or bound to macromolecules.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Pulsed-field gradient (PFG)1 NMR is a highly versa-
tile method for measuring molecular transport and diffu-
sion [1], which is in large part due to the ability to tailor
NMR pulse sequences to specific experimental needs.
For example, the measurement of molecular diffusion
coefficients at high temperatures and/or in low-viscosity
solvents requires the elimination of the effects of thermal
convection inevitably present under these conditions;
1090-7807/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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1 Abbreviations used: CTP, coherence transfer pathway; DDF,
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PFG, pulsed-field gradient; (PG)SE, (pulsed-field gradient) spin echo;
PGSEcc, convection-compensating double PGSE; RD, radiation
damping; SQ, single-quantum.
this is usually achieved by using convection-compensat-
ing NMR diffusion experiments [1–3]. Solvent suppres-
sion is another feature commonly desired of NMR
diffusion measurements [4–7]. We recently proposed a
diffusion experiment (CONVEX) which contains both
convection compensation and built-in solvent suppres-
sion [4]. In this work, we present another diffusion
experiment which contains both these features; but un-
like CONVEX, solvent suppression in the present exper-
iment is based on gradient-selected double-quantum
filtering. We refer to the new experiment as ‘‘DQDiff,’’
for ‘‘double-quantum diffusion.’’

Multiple-quantum (MQ) filtering has long been a use-
ful element in the toolkit of NMR diffusion measure-
ments. Its applications include elimination of dipolar
couplings [8,9] and evaluation of the orientational order
in liquid-crystalline systems [10–12]; heteronuclear edit-
ing of diffusion spectra [13,14]; and as a general way of
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Fig. 1. (A) DQDiff pulse sequence. The gradient values shown here are
one of many possible sets which select the CTP (1,�1,2,�2,1,�1);
examples of other allowed sets are shown in Table 1. (B) Coherence
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amplifying the effective strength of magnetic field gradi-
ents [8,9,15]. In designing the DQDiff experiment, we
have set out to incorporate MQ-filtered editing into a
convection-compensating diffusion measurement. As
will become apparent from the following discussion,
the main challenge stemmed from the fact that the sta-
bility requirements imposed on MQF schemes appear
to be stricter in quantitative diffusion measurements
than in general NMR spectroscopy.

Multiple-quantum filtering can be achieved by means
of either phase cycling or gradient coherence selection
[16–19]. The former method is dependent on the success-
ful cancellation of unwanted signal components and is
therefore susceptible to temporal instabilities of the
spectrometer, which are usually attributed to transient
temperature fluctuations or AC interference [20,21]. In
gradient-selected MQ filtering, unwanted signal compo-
nents are suppressed by means of dephasing, and coher-
ence transfer pathway (CTP) selection does not depend
on their cancellation between successive transients. Gra-
dient coherence selection is therefore regarded as a
‘‘cleaner’’ way of MQ filtering; it also enables the selec-
tion of a single CTP where phase-cycled selection may
not afford it.
transfer pathway selected by the pulsed-field gradients. No phase
cycling is required for CTP selection. (C) Time dependence of the
diffusion wave vector q defined in Eq. (3). Convection compensation is
achieved by adjusting the positions of the gradient pulses (x and y)
according to Eq. (8); the gradient set used must allow for this.
2. The DQDiff scheme

The proposed experiment, which is shown in Fig. 1, is
actually a family of diffusion experiments which provide
solvent suppression by means of gradient-selected dou-
ble-quantum filtering through a single CTP. CTP selec-
tion is governed by the condition

X6
i¼1

pigi ¼ 0; ð1Þ

where the meaning of pi and gi is evident from Fig. 1,
and normally p6 = �1. The gradients used for coherence
selection are the same gradients as used for measuring
the diffusion displacement. They can (but need not) be
chosen so as to allow for compensation of convection,
as discussed below. The number of gradient combina-
tions which select a given CTP and at the same time en-
able convection compensation is probably infinite, but
in practice limited by the quantitative efficiency of
dephasing of the unwanted components. Some of the
possible sets are shown in Table 1.

The proposed experiment contains a double-quantum
evolution period sandwiched between two 1/2J periods:

I� !1=2J I�Sz j !
p=2

I�S� ������!DQ evolution !p=2 j I�Sz !
1=2J

I�;

where I is the observed spin coupled to a like spin S with
the coupling constant J. In-phase SQ coherences are
converted into antiphase during the first 1/2J period,
and vice versa during the second. To provide for the
refocusing of the chemical shifts, each of the three peri-
ods is split in half by a p-pulse, as shown in Fig. 1.

The structure of DQDiff is similar to a recently pro-
posed uniform-sign cross-peak DQF COSY experiment
[22]. Both experiments create an antiphase state, apply a
DQ filter, and then convert the antiphase SQ coherence
into an in-phase signal at the beginning of acquisition. A
key feature of DQDiff is the asymmetric amplitudes of
the gradient pulses. This, in turn, is similar to another
DQF COSY experiment where asymmetric gradient val-
ues are used to filter out longitudinal interference
[23,24]. The selection of a single CTP is inherent in the
DQDiff experiment and required by its (CTP-specific)
convection compensation [4,25].

The diffusion attenuation of the NMR signal arising
from a CTP selected in the sense of Eq. (1) can be calcu-
lated using the standard approach:

SðqÞ ¼ Sð0Þ exp �D
Z ts

0

q2ðtÞdt
� �

; ð2Þ

where

qðtÞ ¼
Z t

0

cpðt0Þgðt0Þdt0 ð3Þ

and D is the diffusion coefficient of the measured species;
c is the magnetogyric ratio; ts is the duration of the pulse



Table 1
Examples of gradient combinations selecting the CTP (1,�1,2,�2,1,�1)

Relative amplitudes g1 : g2 : g3 : g4 : g5 : g6 Convection compensation? Other selected CTPs? Suitable?

8 : �8 : �7 : 7 : 8 : �4 Yes None Yes; ‘‘best’’ gradient set
5 : 7 : �8 : 3 : 7 : �3 Yes None Yes, but less resistant to second-order leaks
7 : 7 : �5 : �7 : �5 : �1 Yes �1, 1, 2, �2, 1, �1 No: only one CTP is convection-compensated
1 : �7 : �3 : �5 : �7 : 5 No None Not suitable when convection is present

K.I. Momot, P.W. Kuchel / Journal of Magnetic Resonance 174 (2005) 229–236 231
sequence from the first RF excitation pulse to the begin-
ning of acquisition; g is the field gradient amplitude; and
p is the coherence order [4]. For a coherence transfer
pathway (p1,p2,p3,p4,p5,�1) which satisfies Eq. (1), g6
can be expressed as p1g1 + p2g2 + p3g3 + p4g4 + p5g5.
Integration of Eq. (2) with rectangular gradient pulses
then produces

SðgÞ ¼ Sð0Þe�Dc2g2d2ðPUþQTþVxþWyþRdÞ; ð4Þ
where U is ideally set to 1/4J; T, d, x, and y are shown in
Fig. 1; the unitless quantities P, Q, R, V, and W are
given by

P ¼
X5
i¼2

cipi

 !2

þ ðc1p1 þ c2p2Þ
2 þ 2c1p1

X5
i¼1

cipi;

Q ¼ 2
X3
i¼1

cipi

 !2

þ c4p4ð2c1p1 þ 2c2p2 þ 2c3p3 þ c4p4Þ;

V ¼ �W ¼ ðc3p3 þ c4p4Þð2c1p1 þ 2c2p2 þ c3p3 þ c4p4Þ;

R ¼ � 1

3

X5
i¼j

X5
j¼1

cipicjpj;

ð5Þ
and gi = cig. For trapezoidal gradient pulses with the
ramp time s, Eq. (2) becomes

SðgÞ ¼ Sð0Þ exp
�
�Dc2g2

�
d2ðPU þ QT þ Vxþ WyÞ

þR d3 þ ds2

2
� s3

10

� ���
: ð6Þ

Eqs. (4)–(6) contain no assumptions about convection
compensation. While they are somewhat cumbersome,
their form is fundamentally no different from the simple
PGSE experiment [1], and the plots of ln (S) vs q2 (Stejs-
kal–Tanner plots) are linear with the slope proportional
to �D.

Convection (or, to be precise, local velocity) compen-
sation is given by the conditionZ ts

0

qðtÞdt ¼ 0: ð7Þ

In addition to the appropriate choice of the amplitudes,
gradient pulses need to be correctly positioned relative
to the RF pulses to satisfy Eq. (7). For a given CTP,
the values q1 � q6 in Fig. 1 depend only on the areas
of the gradients, not on x or y. When q is integrated over
time, the resulting expression is therefore linear in both
x and y. The easiest way to achieve convection compen-
sation (CC) is then to choose an arbitrary, small y, and
solve Eq. (7) for x. For the CTP (p1,p2,p3,p4,p5,�1), the
result (which is unique but not always physically mean-
ingful) is given by

xCC ¼ � 3c1p1 þ 2c2p2 þ c3p3 þ c4p4 þ c5p5
c3p3 þ c4p4

U

� 2c1p1 þ 2c2p2 þ 2c3p3 þ c4p4
c3p3 þ c4p4

T þ y: ð8Þ

This assumes that the CTP in question satisfies Eq. (1);
by definition, convection-compensating sets of gradient
pulses are those for which 0 < xCC < 1/4J. Fig. 1 shows
one of many gradient combinations which are capable
of providing for convection compensation of the CTP
(1,�1,2,�2,1,�1).
3. Materials and methods

3.1. Sample preparation

Reagents were purchased from the following sources:
propofol, from Archimica SpA (Varese, Italy); Solutol
HS15, from BASF (Ludwigshafen, Germany); lyso-
zyme, from Sigma (St. Louis, MO); chloroform, from
APS (Seven Hills, NSW, Australia); carbon tetrachlo-
ride (spectroscopic grade), from AJAX Chemicals
(Auburn, NSW, Australia). All chemicals were used as
received. Water was obtained from a Milli-Q reverse-os-
mosis apparatus (Millipore, Bedford, MA). The micellar
solution of propofol [1%(w/w) propofol/10%(w/w)
Solutol HS15/D2O-saline] was prepared as described
previously [26]. 1.5 mM lysozyme in phosphate-buffered
saline [PBS; pH 6.5; 10 mM total phosphate
(K2HPO4 + KH2PO4); NaCl added to osmolality
289 ± 2 mM] was prepared as described previously [4].

3.2. NMR setup and measurements

All measurements were carried out on a Bruker
DRX-400 wide-bore NMR spectrometer equipped with
a 1000 G cm�1 z-only actively shielded diffusion probe;
the general setup has been described previously
[4,26,27]. The propofol/CHCl3 sample was studied in a
5-mm D2O-matched Shigemi tube (Allison Park, PA).
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The lysozyme/water and propofol/Solutol/D2O samples
were studied in a cylindrical Wilmad microcell (Buena,
NJ) inserted into a 10-mm NMR tube filled with CCl4
for magnetic susceptibility matching. In either case, the
length of the sample was constrained to 8–9 mm in order
to contain it within the constant-gradient region of the
probe. All measurements used trapezoidal gradient
pulses with 0.1-ms ramp times; typical pulse duration
was 1 or 2 ms; no lock was used. Measurements were
performed with a detuned probe in order to alleviate
radiation damping (RD), except where the evaluation
of RD effects was specifically sought. Typical duration
of the 90� pulse was 20 and 34 ls for the tuned and
the detuned diffusion probe, respectively. NMR data
were processed, and the diffusion coefficients deter-
mined, as described previously [4,26–28]. Phase correc-
tion of diffusion spectra was uniform within any given
experimental set, and no baseline correction of the spec-
tra was used. Stejskal–Tanner plots were processed
according to Eq. (6).
Fig. 2. NMR spectra of the two test systems used in this work: (A)
3.16%(w/w) propofol in CHCl3; (B) 1%(w/w) propofol and 10%(w/w)
Solutol HS15 in D2O-saline. Propofol peaks are marked a through d
[26]. The other peaks are H2O (1.43 ppm), acetone (4.88 ppm), and
ethanol (1.22, 3.69 ppm) impurities; chloroform (7.22 ppm) in (A);
HDO (4.67 ppm) and Solutol HS15 (multiple peaks between 0.8 and
4.2 ppm) in (B). Propofol peaks marked with arrows are those which
present particular challenges to the measurement of the diffusion
coefficient due to their proximity to other peaks.

Fig. 3. A representative Stejskal–Tanner plot from a DQDiff measure-
ment (propofol inCHCl3; peak a of Table 2 andFig. 2Awas used for this
plot). The lower data setwas uniformlydisplaceddownby�2 for clarity.
4. Results

The diffusion coefficient of propofol in two solutions
was measured: (1) a 3.16%(w/w) solution in non-deuter-
ated chloroform and (2) a 1%(w/w) micellar solution in
10% Solutol HS15/D2O-saline. The 1H NMR spectrum
of each system is shown in Fig. 2. Representative Stejs-
kal–Tanner plots are shown in Fig. 3. The choice of these
systems was determined by the fact that in each of them
some of the propofol peaks (marked with the arrows in
Fig. 2) are either in the vicinity of relatively large peaks
or obscured by other peaks. An accurate determination
of the diffusion coefficient requires not only spectral res-
olution but also phase stability of the large peaks. The
respective peaks have comparable diffusion coefficients;
therefore, Stejskal–Tanner resolution cannot be achieved
by merely shifting the window of the q values. All this
provides for a challenging performance test of theDQDiff
experiment. The other factor determining the choice of
the test systems was that both of them resemble systems
of ‘‘practical’’ interest which might be studied in colloidal
or pharmaceutical chemistry; in fact, the solution of pro-
pofol in Solutol/D2O-saline was the subject of an earlier
investigation as a potential drug delivery system [26].
The diffusion coefficients determined by different meth-
ods from different propofol peaks are presented in Tables
2 and 3. For PGSEmeasurements in Table 2,Dwas deter-
mined from the initial decay, disregarding the presence of
convection-induced oscillations.

We have also attempted the measurement of the dif-
fusion coefficient of lysozyme in PBS [4,29]. This mea-
surement was unsuccessful due to the short 1H
transverse relaxation times in the protein, and no
numerical results are presented here.
5. Discussion

While MQF solvent suppression methods are plenti-
ful in general NMR spectroscopy [18,30], our experience



Table 2
Diffusion coefficients of propofol in CHCl3 at 38.4 ± 0.5 �C measured
by different 1H NMR methods

Measurement Proton D (m2 s�1) Linear range

PGSE D = 5 ms a (3.09 ± 0.04) · 10�9 1.3
b (3.01 ± 0.05) · 10�9 1.2
c (3.20 ± 0.02) · 10�9 1.3
d (3.43 ± 0.02) · 10�9 1.4

PGSE D = 10 ms a (4.6 ± 0.1) · 10�9 0.8
b (4.2 ± 0.3) · 10�9 0.6
c (4.98 ± 0.04) · 10�9 0.7
d (5.36 ± 0.03) · 10�9 0.9

PGSEcc D = 5 ms a (1.50 ± 0.01) · 10�9 1.5
b (1.49 ± 0.02) · 10�9 1.4
c (1.40 ± 0.01) · 10�9 1.4
d (1.53 ± 0.01) · 10�9 2.1

CONVEX
D1 = 5 ms, C = 5/7

a Suppressed 0
b Suppressed 0
c (1.54 ± 0.01) · 10�9 1.2
d (1.53 ± 0.01) · 10�9 2.7

DQDiff 8 : 8 :
�7 : 7 : 8 : �4

a (1.52 ± 0.03) · 109 1.0
b (1.51 ± 0.03) · 10�9 1.3
c (1.61 ± 0.05) · 10�9 1.1
d (1.51 ± 0.02) · 10�9 1.6

The four values in each cell refer to the four propofol multiplets (see
Fig. 2). ‘‘Linear range’’ is the log10 vertical span of the Stejskal–Tanner
region in which signal attenuation was linear [4]. PGSEcc is
convection-compensating double PGSE [2], and CONVEX is convec-
tion-compensating double PGSE with excitation-sculpting solvent
suppression [4].

Table 3
Diffusion coefficients of propofol in 10%(w/w) Solutol HS15/D2O-
saline at 38.0 ± 0.5 �C measured by different 1H NMR methods

Measurement Proton D (m2 s�1) Linear range

PGSEcc D = 6 ms a (2.13 ± 0.02) · 10�11 1.3
b (1.88 ± 0.02) · 10�11 1.0
c Unresolved 0
d Unresolved 0

PGSEcc D = 35 ms a (1.89 ± 0.01) · 1011 1.5
b (2.07 ± 0.03) · 10�11 1.2
c (1.92 ± 0.04) · 10�11 2.1
d (1.97 ± 0.01) · 10�11 2.2

DQDiff 8 : �8 :
�7 : 7 : 8 : �4

a (1.96 ± 0.02) · 10�11 1.1
b (1.83 ± 0.03) · 10�11 1.1
c (1.94 ± 0.06) · 10�11 0.8
d (1.91 ± 0.02) · 1011 1.1

The four values in each cell refer to the four propofol multiplets (see
Fig. 2).
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has been that many of the non-echo-based schemes fail
to provide the stability required for quantitative diffu-
sion applications. For example, in diffusion measure-
ments based on a three-pulse GS COSY sequence [23]
the antiphase signal is prone to partial self-cancellation
between transients. While the resulting t1 noise is not a
fatal problem in qualitative COSY experiments [31,32],
the variation of points in Stejskal–Tanner plots can be
very large. This problem is avoided in the DQDiff
scheme in which the acquired signal is in-phase. Another
advantage of the DQDiff scheme is that it does not re-
quire a magnitude Fourier transform of the FID, thus
preserving the zero-average noise and limiting baseline
distortions near large signals.

The values of the diffusion coefficient of propofol
in CHCl3 determined from double-echo convection-
compensating PGSE (PGSEcc [2]) and DQDiff
measurements were (1.48 ± 0.05) · 10�9 and (1.54 ±
0.05) · 10�9 m2 s�1, respectively. (The standard devia-
tions take into account the errors of the individual mea-
surements.) The respective values for propofol in
Solutol/D2O solution were (1.96 ± 0.07) · 10�11 and
(1.91 ± 0.06) · 10�11 m2 s�1. Although the ranges of lin-
ear Stejskal–Tanner attenuation in PGSEcc measure-
ments exceeded those from DQDiff, the reproducibility
and the overall accuracy of DQDiff measurements were
the same or marginally better than those in PGSEcc.

5.1. Choice of pulsed-field gradient amplitudes

Pulsed-field gradients in the DQDiff scheme both sen-
sitize the sample to molecular displacement and select
the required CTP. The choice of gradient values in the
present work is based on the CTP (1,�1,2,�2,1,�1).
Similar pathways, such as (�1,1,2,�2,1,�1), could also
be used, as long as the gradient values are changed
accordingly. Whichever CTP is used, asymmetric time
dependence of q makes convection compensation in this
scheme CTP-specific. The consequence of this is that the
diffusion measurement must be based on a single coher-
ence transfer pathway.

Some candidate gradient sets are easily identified as
unsuitable: for example, any set which selects the CTP
(1,�1,2,�2,1,�1) and has g1 = g2, is also going to se-
lect (�1,1,2,�2,1,�1), and vice versa; therefore, any
set with g1 = g2 is a priori unsuitable. In general, how-
ever, a systematic search for candidate gradient sets
and the evaluation of their suitability has to involve a
type of ‘‘throughput screening’’ of gradient sets against
all possible CTPs. This is a computationally voluminous
problem which can be reduced by using some algorith-
mic finesse. Of the �11 million distinct gradient combi-
nations which are integer-valued between �8 and +8,
approximately 250,000 select the target CTP; of these,
�90,000 potentially provide for its convection compen-
sation. The requirement that the target CTP be selected
exclusively is the principal factor which limits the num-
ber of allowed gradient combinations: only �500 of the
90,000 candidates satisfy this criterion. The selection can
be refined on the basis of two additional criteria: mini-
mization of second-order leaks (i.e., those resulting from
imperfectly set RF pulse angles and durations of delays)
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and maximization of the dephasing efficiency of un-
wanted CTPs. The latter reduces the attractiveness of
higher-valued integer sets (e.g., 16 : �16 : �15 : 8 : 6 :
�8), because in a finite-length sample such gradient sets
could fail to sufficiently dephase the non-selected
components.

The screening and refinement were done in Mathem-

atica, and on a standard desktop PC required �2–3 days
of CPU time. Selected examples of both satisfactory and
unsatisfactory gradient combinations are given in Table
1. Clearly, it was not possible to examine experimentally
all of the possible combinations; of those that we exam-
ined, the set (8 : �8 : �7 : 7 : 8 : �4) yielded the best
practical results. Other sets may exist, which could pro-
vide for a still better performance.

5.2. Convection compensation

Although convection compensation is an optional
feature in the DQDiff scheme, it becomes a practical
necessity in solutions of viscosity <1 cP. The typical va-
lue of 3JHH (�7 Hz) requires that the diffusion-sensitive
magnetization helix remains wound for �100 ms in pro-
ton measurements; this could result in significant effects
of convection even near room temperature in a typical
aqueous or organic solution. For this reason, the
DQDiff scheme was always used in convection-compen-
sating mode in this work, except for a few cases that
were intended to be an illustration of uncompensated
convection effects.

As shown in Eq. (8), convection compensation re-
quires not only the appropriate relative gradient ampli-
tudes, but also the correct positioning of the gradients
relative to the RF pulses. The values of xCC can typically
range between 10 and 25 ms (assuming J � 7 Hz,
d = 1 ms, T � 5 ms, and y = 0.1 ms). Interestingly, satis-
fying the convection-compensation condition eliminates
both x and y from the diffusion attenuation expression.
Eq. (6) in this case simplifies to

SðgÞ ¼ Sð0Þ exp
�
�Dc2g2

�
d2ðHU þ IT Þ

þR d3 þ ds2

2
� s3

10

� ���
; ð9Þ

where R is given by Eq. (5), and

H ¼ �3ðc1p1 þ c2p2Þ
2 � ðc3p3 þ c4p4Þ

� ð3c1p1 þ 2c2p2 � c5p5Þ þ c22p
2
2 þ c25p

2
5;

I ¼ �2ðc1p1 þ c2p2Þ
2 � 2ðc1p1 þ c2p2Þ

� ðc3p3 þ c4p4Þ � c3p3c4p4:

ð10Þ

A similar simplification can be invoked for Eq. (4).
A comparison of representative convection-compen-

sated and -uncompensated measurements can be made
from the results presented in Table 2. As the diffusion
coefficients determined from the two PGSE experiments
(D = 5 and 10 ms) differ markedly, it is clear that con-
vection compensation was necessary under the condi-
tions involved. This was provided by PGSEcc [2],
CONVEX [4], and DQDiff measurements; their compar-
ison reveals that the convection compensation afforded
by the DQDiff scheme was sufficient.

5.3. Solvent suppression efficiency

For the propofol/CHCl3 system, we investigated the
effect of WaterPress solvent suppression [5] with a selec-
tive p pulse inverting the chloroform peak a time T1 ln2
prior to the DQDiff sequence. This modification did not
result in an improvement in the accuracy of the
measured D values; conversely, it produced base-
line distortions near the solvent peak and made one of
the nearby solute peaks unusable for the determination
of D.

The gradient-selected DQDiff solvent suppression was
efficient and resulted in the practically complete cancella-
tion of the chloroform peak beyond q � 3 · 108 m�1.
Some of the points prior to this value needed to be ex-
cluded, but the remaining useful range of q was sufficient
for the determination ofD even from very small peaks less
than 80 Hz away from a solvent peak having �30 times
the intensity of the solute (peaks a, b inTable 2). The accu-
racy of the resulting Stejskal–Tanner fits was even better
for the peaks that were well-separated from the solvent
(>1000 Hz).

5.4. Macroscopic magnetization effects

As is the case for many NMR experiments involving
solvent suppression [5], radiation damping (RD) had a
significant deleterious effect on the quality of DQDiff
measurements. The example in Fig. 4 illustrates this.
The spectrum in Fig. 4A was acquired with a fully tuned
TXI probe in order to emphasize RD effects (90� pulse
duration 7.4 ls; TXI probe was used in this case only).
The strongly radiation-damped solvent signal failed to
undergo full cancellation in this case, and the lineshapes
of nearby peaks were irretrievably distorted. The spec-
trum in part B was recorded with a detuned diffusion
probe (90� pulse duration 34 ls, no measurable RD
effects) and is free of the problems seen in Fig. 4A.

Dipolar demagnetizing field (DDF) can also
adversely affect diffusion measurements carried out in
protonated solvents. We have no reason to conclude
that this was the case in DQDiff measurements, because
(1) the use of WaterPress solvent suppression adversely
affected the precision of the diffusion coefficients deter-
mined from the peaks near solvent, and (2) it did not im-
prove the accuracy of the diffusion coefficients measured
from the peaks far away from the solvent. On the other
hand, we did not carry out a systematic investigation of



Fig. 4. Effect of radiation damping on DQDiff spectra. Aromatic
region of DQDiff spectra of propofol in CHCl3 was recorded with (A)
a fully tuned TXI probe and (B) a detuned diffusion probe. In (A),
radiation damping reduced the suppression efficiency of the large
chloroform peak at 7.22 ppm and severely distorted the nearby
propofol peaks. This was remedied by using a detuned probe (see
Section 3).
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the possible effects of DDF, and it is conceivable that
nulling the DDF with magic-angle gradients [5] could
be beneficial to the performance of DQDiff.

5.5. Phase cycling

The CTP selection in DQDiff experiments is handled
by the pulsed-field gradients, and no phase cycling is re-
quired. As a test, we carried out DQDiff measurements
of both propofol-containing test systems with the use
of Exorcycle on the last p pulse, as well as non-phase-cy-
cled measurements with the same number of transients.
The differences between the two methods were marginal
and trendless, i.e., the phase cycling neither improved
nor reduced the precision of the diffusion plots. A partial
phase cycle selecting Dp = ±4 on the second p pulse (RF
0, 1, 2, 3; AQ 0, 0, 0, 0) also did not result in any
improvement.

5.6. Other factors

As discussed above, the good performance of DQDiff
experiments in the absence of field-frequency lock was in
large part due to the fact that phase-sensitive, in-phase
spectra were acquired. This prevented signal self-cancel-
lation to which antiphase spectra were prone; and
phase-sensitive Fourier transformation minimized base-
line distortions. Baseline correction did not result in a
measurable improvement in the accuracy of DQDiff-
estimated diffusion coefficients. We found DQDiff
measurements to be more demanding with respect to
gradient blanking and zero-current calibration than
either PGSE or PGSEcc measurements. This is probably
due to the asymmetric nature of the DQDiff pulse
sequence, and was easily remedied by optimizing the
blanking and zero-gradient current parameters.

The effects of missetting the durations of RF pulses
and the 1/4J delay are another factor to consider. The
effects of moderately (5–10%) misset RF pulse lengths
were negligible, and the effects of missetting 1/4J were
negligible for peaks of low multiplicity. However, peaks
of large multiplicity (e.g., propofol septet at 3.3 ppm,
peak c in Fig. 2) exhibited a baseline that was concave
upwards when the 1/4J delay durations were misset by
10–15%. As is evident from Table 2, this had an adverse
effect on the precision of integration of this peak and the
estimate of the diffusion coefficient. Unfortunately, there
does not seem to be an obvious way around this limita-
tion. As the in-phase component Iz reappears as cos

n (Jt)
under scalar-coupled evolution in the ISn system, a lar-
ger n leaves less room for the variation of U = 1/4J. For
this reason, MQF diffusion experiments based on large
coherence orders (p > 4) could be impractical as an
alternative to DQ filtering.

The main drawback of the DQDiff scheme appears to
be its high cost in terms of S:N ratio. The selection of a sin-
gle CTP means that even in the ideal situation the ampli-
tude of the acquired signal is only 25% of that available in
the PGSEcc experiment. Imperfection in the setting of de-
lay and pulse lengths brings about further losses, as does
transverse relaxation. Signal loss due to the latter can be
very significant for large molecules, as attested to by our
failure to observe readily aDQDiff spectrum of lysozyme.
Because the magnetization remains in the transverse
plane for �1/J (i.e., �140 ms for a typical 3JHH), in prac-
tice the method is limited to small- to medium-sized mol-
ecules with T2 > 100 ms.
6. Conclusions

The proposed DQDiff scheme is a useful new method
for measuring diffusion coefficients of small- or medium-
sized solutes in non-deuterated solvents or in spectrally
crowded systems. Although it does not appear to offer
an across-the-board improvement over the existing con-
vection-compensating methods, and CONVEX remains
our method of choice for most situations requiring sol-
vent suppression, DQDiff provides a potential advan-
tage when small scalar-coupled solute peaks are
directly covered by large peaks with no homonuclear
couplings. Examples of the latter are peaks belonging
to a solvent or (in the case of colloidal systems) a surfac-
tant. The method may also be beneficial for measuring
the diffusion of small molecules bound to macromole-
cules, i.e., a small-molecule drug bound to a protein.
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