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Abstract

Pulsed gradient simulated-echo (PGSE) NMR diffusion measurements provide a facile and accurate means for determining the

self-diffusion coefficients for molecules over a wide range of sizes and conditions. The measurement of diffusion in solvents of low

intrinsic viscosity is particularly challenging, due to the persistent presence of convection. Although convection can occur in most

solvent systems at elevated temperatures, in lower viscosity solvents (e.g., short chain alkanes), convection may manifest itself even

at ambient laboratory temperatures. In most circumstances, solvent suppression will also be required, and for solvents that have

multiple resonances, effective suppression can likewise represent a substantial challenge. In this article, we report an NMR exper-

iment that combines a double-stimulated echo PFG approach with a WET-based solvent suppression scheme that effectively and

simultaneously address the issues of dynamic range and the deleterious effects of convection. The experiment described will be of

general benefit to studies aimed at the characterization of diffusion of single molecules directly dissolved in low-viscosity solvents,

and should also be of substantial utility in studies of supramolecular assemblies such as reverse-micelles dissolved in apolar solvents.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The introduction of multidimensional and multinu-

clear methods together with the refinement of recombi-

nant technologies that support the incorporation of

magnetically active isotopes (2H, 13C, and 15N) into pro-

teins and nucleic acids, has been the driving force of pro-

gress in solution NMR. These enhancements have made
NMR a central tool in studies of the structure and func-

tion of biologically active macromolecules of significant

size and complexity. Larger molecules (Mw>20kDa)

represent a challenge to solution NMR-based ap-

proaches [1], since increasing size leads to slower

reorientational motions, which in turn generate cor-

respondingly increased rates of transverse relaxation
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rates (R2 = 1/T2), which compromise the otherwise very

powerful potential of solution NMR methods as an ana-

lytical tool.

Recently, a method that directly reduces the effective

rotational correlation time has been developed that in-

volves encapsulation of a water-soluble macromolecule

in a shell of surfactant (usually dioctyl sulfosuccinate,

AOT), forming a reverse micelle particle that is subse-
quently dissolved in a low-viscosity solvent, e.g., the

short-chain n-alkanes [2–8]. Bax and co-workers [9] have

investigated a similar strategy that involves liquefied

CO2 (solvent) and the ammonium salt of perfluorohep-

tanoic acid (surfactant). The results of these studies

confirm that macromolecules of significant size and

complexity can be encapsulated at concentrations

compatible with multidimensional, multinuclear NMR
experiments [6] and that encapsulated molecules retain

both native structure [10] and native-like biological
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activity [11–14]. Importantly, the tumbling rates of

properly prepared encapsulated macromolecules dis-

solved in appropriately low-viscosity solvents are more

rapid than for molecules in aqueous solution, and such

encapsulated molecules exhibit spectroscopic properties

that are superior to those of the free molecules in aque-
ous solution [2]. Encapsulation thus promises to provide

a fundamental enhancement of solution NMR methods

applied to larger molecules.

As a prelude to detailed NMR studies of encapsu-

lated macromolecules, the samples must be character-

ized to insure that the desired hydrodynamic behavior

has been established. The key feature of the character-

ization is the determination that the desired particle ra-
dius has been achieved; which itself depends on the

appropriate level of hydration of the encapsulated mol-

ecule. In addition, it must be established that the prepa-

ration is monodisperse and that the sample is stable—a

key consideration for samples that must be maintained

under pressure, e.g., butane, propane, ethane, etc.

NMR relaxation experiments would in principle provide

the most direct and relevant assay of the effective tum-
bling rate of the particles, however, for macromolecules

such experiments are relatively time-consuming and re-

quire substantial detailed data analysis. Alternatively,

PFG diffusion experiments provide essentially equiva-

lent information, require only a few minutes to record

a complete data set and the data are very readily

analyzed.

The translational diffusion coefficient is commonly
used to determine the effective (solvated) radius of a

molecule or complex aggregate under study. The rela-

tionship between bulk viscosity, temperature, and parti-

cle radius is concisely expressed in the Stokes–Einstein

equation:

Dt ¼
kBT
6pgr

; ð1Þ

wherein Dt is the translational diffusion constant for a

sphere, g is the absolute viscosity, kB is the Boltzmann

constant, r is the solvated particle radius, and T is the

absolute temperature (K). The relative ease with which

PFG NMR diffusion experiments can accurately mea-

sure the translational diffusion coefficient make such

experiments the method of first choice for hydrody-
namic measurements of complex polymers, perhaps

the most important subspecies of which are biopoly-

mers, e.g., proteins, nucleic acid oligomers, and their

complexes. Given complete knowledge of the solution

components, the oligomeric state of a molecule (e.g.,

protein) can be directly determined by examining its

effective hydrodynamic radius [15].

Although PFG NMR diffusion experiments may be
of several distinct types, certain general features are

found in all experiments. These common features in-

clude formation of a gradient-associated echo, a diffu-
sion interval; the length of which depends on the

relative magnitude of the translational diffusion co-

efficient, and a mechanism for applying a spatially

dependent pulsed magnetic field gradient. The latter

component, of course, lies at the heart of the approach.

Stejskal and Tanner [16] modified the spin-echo (SE)
experiment to include pulsed magnetic field gradients,

producing a PFG SE diffusion experiment with signifi-

cantly improved resolution and sensitivity. In the PFG

SE experiment, the resonance intensities are monitored

as a function of the strength of the field gradient pulses,

and the results are fitted to a Gaussian function that de-

pends on the length of the diffusion interval, the PFG

strength and the translational diffusion coefficient (see
Section 4). Although the experiment produces accept-

able results for samples that possess long transverse

relaxation times, the approach is not appropriate for

application to systems in which T2 is comparable to

the length of the diffusion interval (typically 10–

200ms), due to substantial losses in signal intensity.

A major improvement in the sensitivity of PFG STE

experiments was realized in a modified version of the
experiment due to Tanner [17]. In this experiment, the

transverse magnetization is converted into longitudinal

magnetization following generation of the gradient-in-

duced z-coil, and the magnetization is stored along the

z-axis for the bulk of the diffusion interval. Since T1 is

significantly longer than T2 for molecules that tumble

relatively slowly, the experiment produces a substantial

increase in sensitivity. The echo is produced by conver-
sion of the longitudinal magnetization back into trans-

verse magnetization and subsequent rephasing of the

transverse magnetization by a second gradient pulse that

is identical to the initial gradient pulse. This variant is

therefore referred to as the stimulated-echo diffusion

experiment, PFG STE. Gibbs and Johnson [18] further

modified the PFG STE to include an additional delay

interval, Te, that would allow PFG-induced eddy
currents in the surrounding metal probe components

to dissipate, and this variant has been named the longi-

tudinal-encode-decode sequence (PFG STE LED).

Modern PFG coils have relatively short eddy-current

recovery times (in some cases less than 1ms), so that this

additional delay included in the LED experiment is not

always strictly necessary. In practice however, the inter-

val remains a common element of current PFG diffusion
pulse sequence designs, wherein the interval supports

more effective phase-cycling (artifact rejection) and sol-

vent suppression modules.

A fundamental assumption of the experimental de-

sign of all of the PFG diffusion experiments discussed

thus far is that the translation of the molecules is sto-

chastic, as is expected for translation driven by Brown-

ian motion. Convection currents, or vector flow
generally, cause artifacts that interfere with diffusion

measurements by generating additional dephasing of



Fig. 1. Plot of resonance intensity, I (Gz), versus applied gradient field

strength for data recorded using a conventional, uncompensated,

longitudinal-encode-decode, WET PFG STE LED pulse sequence. A

WET-based solvent suppress scheme was employed to suppression the

proton resonances of the solvent. The sample was 75mM AOT in n-

pentane with a w0 of 30. The data were recorded at 30�C with a

spectral width of 4000Hz into 8192 complex points. The diffusion

interval was 100ms and the length of the gradient employed to prepare

and refocus the z-coil was 3ms.
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the vectors, leading to unpredictable loss of signal inten-

sity, e.g., dephasing due to the nonrandom transport is

superposed on the dephasing arising from the random

Brownian motion. Assuming that the sample is confined

in a standard NMR tube, the nonrandom motion will be

entirely due to convection, which is defined as flow aris-
ing from a density gradient, e.g., flow driven by gravita-

tional forces in an otherwise static sample volume.

The temperature at which onset of convection is

established in a fluid confined within an infinitely long

cylinder may be expressed using a dimensionless param-

eter, c, defined in the following expression:

c ¼ ga
mj

� �
� r4T 0; ð2aÞ

T 0 ¼ DT
d

; ð2bÞ

in which g is the acceleration due to gravity, a is the
coefficient of thermal volume expansion, m is the kine-

matic viscosity (g/q), j is the thermal diffusivity; which

is equal to k/qcp, where k is the thermal conductivity

and cp is the heat capacity at constant pressure, r is

the inner radius of the cylinder (tube) and T 0 (DT/d) is
the temperature change across the height of the sample,

d � r [19,20]. The parameter c adopts a limiting value,

cc, that is equal to 67.4 for the case of a perfectly insu-
lating wall and 215.8 [20] for the case of a perfectly con-

ducting walls [19]. Convection arises within the sample

volume if c exceeds cc, and thus a critical temperature,

T 0
c, may be identified, above which convection will be ex-

pected to be present:

T 0
c ¼

DT
d

/ mj
ga

� �
c
r4

� �
: ð3Þ

A sample calculation by Lounila et al. [20] indicates that

for a sample of neat benzene at 20 �C in a glass (essen-

tially a conducting wall) 10mm OD NMR tube
(r = 4.5mm) the transition to convective flow occurs if

the temperature gradient exceeds 3.5Km�1.

Jershow and Muller [21] observed that if the non-

random flow components are highly regular, it should

be possible to record and sum a pair of diffusion exper-

iments, one which stores magnetization during the diffu-

sion interval along the +z direction, the other which

stores magnetization along the �z direction. The com-
ponents of the apparent diffusion due to net flow should

compensate one another, effectively negating the effects

of convection. The experiment developed based on these

considerations makes use of tandem-stimulated echoes,

and is known as the PFG double stimulated echo pulse

sequence, PFG DSTE.

The experiment described here is based on the PFG

DSTE experiment, and we have shown the effectiveness
of the approach in application to a challenging system

consisting of a sample of water-containing reverse mi-
celles in n-pentane. The onset of convective flow is di-

rectly proportional to the kinematic viscosity, and

comparison of the kinematic viscosities of water and

n-pentane, 1 St and �0.36 St, respectively, indicates that

convection will be significantly more prevalent in the

lower viscosity solvent (refer to Eq. (3)). Furthermore,
the effectiveness of encapsulation as an enhancement

to standard approaches depends on access to solvents

with kinematic viscosities that are even lower than n-

pentane, for example for propane, m is �0.19 St. Clearly,

a diffusion experiment that is robust in terms of its tol-

erance to the influence of net flow is essential. The use

of hydrocarbon solvents likewise generates a substantial

solvent suppression challenge. Such solvents produce
multiple resonances, all of which are relatively intense.

Effective solvent suppression schemes must therefore

be capable of simultaneously scaling the intensity of at

least two relatively broad resonances (methyl and

methylene).
2. Results

The effects of convection on the results of an uncom-

pensated PFG STE LED diffusion experiment [15] mod-

ified to include WET solvent suppression [22,23] are

shown in Fig. 1. The data shown was recorded at

30 �C on a sample consisting of 75mM AOT in n-pen-

tane with a water-loading ([H2O]/[AOT]) of 30. The

irregular intensity oscillations are a hallmark feature
of flow effects. Depending on the viscosity of the solvent

used, the transition to convective flow can be remark-



Fig. 3. Plot of resonance intensity versus applied gradient field

strength for data recorded using the WET DSTE LED pulse sequence.

The sample and conditions employed were identical to those described

in the legend of Fig. 1, except that the gradient field strength array was

extended to higher maximal values.
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ably sharp, e.g., experimentally, about 1 �C in pentane.

The phenomenon of convection within the NMR cell

appears to be intrinsic to the design, e.g., a long thin

cylindrical geometry tends to promote the onset of con-

vection. Indeed, a recent article by Hayamizu and Price

[24] describes a specialized NMR cell that defeats con-
vection by employing a sample chamber geometry

wherein the length is small relative to the width.

Although undoubtedly effective, the small volume of

the design together with the requirement for custom fab-

rication limits the applicability of the approach.

A representative spectrum recorded on the AOT/

water/pentane sample using the PFG WET DSTE

experiment is shown in Fig. 2 (PFG strength equal to
�7.5Gcm�1). The spectrum reveals that the effective

intensity of the n-pentane 1H resonances has been scaled

to a level similar to that of the surfactant, 75mM in this

instance. The solvent resonance suppression provided by

the WET sequence is exquisitely selective, e.g., no distor-

tion in the intensity of resonances of either water or the

surfactant occurs as a result, nor are there any baseline

distortions or other spectral artifacts. Furthermore, as
the spectrum shown represents a member of the diffu-

sion array, it is clear that high-resolution spectral line-

shapes are obtained using the method.

A complete data set obtained using the WET PFG

DSTE experiment is shown in Fig. 3. The influence of

convective flow has been completely compensated, as

is made clear by the absence of any hint of artifacts in

the plot of resonance intensity versus applied gradient
strength, e.g., the irregular oscillations have been com-

pletely eliminated. The fitted value of the diffusion coef-

ficient, 2.1 · 10�6cm2s�1, agrees with the extrapolated

value of the diffusion coefficients measured at lower tem-

peratures (wherein convection does not manifest itself)

using a simple LED experiment [8]. We have generally
Fig. 2. One-dimensional 1H spectrum of a sample of 75mM AOT, w0

of 30, in n-pentane recorded using the WET PFG DSTE pulse

sequence (this particular spectrum was recorded with a PFG strength

of �7.5Gcm�1). Spectral parameters and temperature were identical

to those specified in Fig. 1.
observed that the intensity of field gradient pulses de-

parts from a linear dependence on the current to the

PFG coil at low current values, and that this effect is

more prevalent with shorter gradient pulse lengths

(<5ms). The WET PFG DSTE experiment described

here appears to be somewhat more sensitive to such ef-

fects compared to simple LED experiments. This condi-
tion is easily remedied by restricting employed gradient

strength values to those that fall in the linear response

regime, in the authors� experience, between 2 and

10Gcm�1 on the low field side and between 60 and

70Gcm�1 on the high field side for modern triple-reso-

nance triple-axis gradient probes. There are no signifi-

cant consequences of this condition, and the only

requirement is the need to monitor the linearity of the
PFG coil, which is a standard procedure for quantitative

studies of diffusion.
3. Discussion and conclusions

Measurement of translational diffusion is among the

most convenient methods for characterizing effective
particle radii for both single-molecules and complexes

across a wide range of molecular weights and condi-

tions. The pulsed-gradient double stimulated echo meth-

od (DSTE) provides an accurate and relatively

straightforward approach to such diffusion measure-

ments under virtually all conditions.

A significant general challenge to efficient NMR

characterization of molecules dissolved in hydrocarbon
solvents involves suppression of the solvent resonances.
1H NMR spectra of molecules dissolved in alkane sol-

vents will be dominated by the methyl resonance and

methylene resonances of the solvent. The concentration



Fig. 4. WET PFG DSTE pulse sequence. The WET component of the

sequence is discussed in detail in the text. All remaining RF pulses were

90 � (p/2), with phases designated directly above each pulse. Pulses

labeled with an explicit phase were not cycled; the remaining pulses

were cycled according to the following schedule: /1: x, y, �x, �y; /2:

�x, �y; /3: 4(�x), 4(x). The received was cycled according to the

following schedule: /rec: x, x, 4(�x), x, x. The length of the gradient

pulses (labeled d in the figure) was 3ms and the gradient pulse applied

during the interval labeled Te was 0.5ms.
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of the neat hydrocarbon solvents ranges from �6M for

n-octane, (q = 0.703gmol�1) to �13M for propane,
(q = 0.585gmol�1). The concentration of dissolved
molecules will naturally be much lower, e.g., surfactant
concentrations for reverse-micelle preparations will be
in the range of 50 to 200mM. The density of n-pentane
is 0.626gmol�1, which corresponds to �8.7M for the
neat liquid, and the relative concentration of methyl
protons in neat n-pentane is thus 52.2M (2 equivalent
methyl resonances, each from three protons). Taking
the concentration of the dissolved molecules to be
100mM, the dynamic range between the solvent and
protein resonances will be greater than 500:1.

One way in which the dynamic range may be reduced
will be to employ deuterated solvents. Deuterated ver-

sions of most n-alkanes are readily available, although

their cost is extremely high. Furthermore, commercially

available deuterated n-alkane solvents are generally less

than 98% enriched in the deuterium isotope, which given

their high relative concentration means that suppression

of the residual protonated resonance may be necessary

in cases wherein lower solute concentrations are used.
We have found that that effective suppression of sol-

vent resonances that are both complex and intense may

be effectively suppressed using a WET (Water suppres-

sion Enhanced through T1 effects) pulse sequence

[22,23]. The WET sequence consists of a series of alter-

nating long, low-power shaped RF-pulses and field-gra-

dient pulses that provide superior suppression of solvent

resonances. An important practical element of the effec-
tiveness of theWET sequence is the ability to incorporate

tailored excitation that allows suppression of multiple

resonances. Effective solvent suppression, especially for

multiline solvents such as the n-alkanes, requires RF be

applied simultaneously at several frequencies (i.e., the

methyl and methylene resonances). This is accomplished

by comodulating a standard waveform (e.g., sinc, SE-

DUCE, even a rectangular waveform) at multiple fre-
quencies [25,26]. The required complex RF waveforms

modulated to produce simultaneous multiple excitations

are readily generated using standard pulse generation

algorithms available on most commercial spectrometer

systems. The WET solvent suppression component of

the experiment renders the requirement for deuterated

solvent completely unnecessary, even when the solute

concentration is as low as a few millimolar.
The data presented confirm that WET PFG DSTE

LED experiment described here provides a facile and

accurate method for measuring the translational diffu-

sion coefficients for complex molecular aggregates dis-

solved in low-viscosity solvents. Furthermore, we have

also applied the experiment to measurement diffusion

coefficients to relatively simple aqueous solutions and

obtained results with accuracy and precision identical
to that recorded using standard PFG STE LED experi-

ments (data not shown).
4. Experimental

Dioctyl sulfosuccinate (AOT) was obtained from Sig-

ma, and used without additional purification. AOT is

hygroscopic and must be stored in a dessicator. n-Pen-

tane was obtained from J.T. Baker and used without
further purification. The sample used in this study con-

sisted of a 75mM solution of AOT in n-pentane with a

water loading, w0 ([H2O]/[AOT]), of 30. The sample vol-

ume was 1mL and the sample tube employed was a

5mm OD screw-cap tube purchased from Wilmad

Glass. Convection was established in the sample by rais-

ing the temperature to 30 �C. The presence of convection
was confirmed by recording a WET STE LED experi-
ment, which is sensitive to the effects of convection

(see Fig. 1).

All data were recorded on a Varian INOVA NMR

spectrometer operating at 500MHz 1H. The probe em-

ployed in this study was a Varian indirect single-axis

(z-coil) PFG probe. Maximum gradient strength of the

PFG amplifier and probe combination was 62Gcm�1.

Spectral parameters, as well as phases of the RF pulses
are given in the legend to Fig. 4. The pulse sequence and

an associated parameter file are available upon request

or may be obtained from the NMRFAM website.

An extremely versatile and effective WET-based sol-

vent suppression scheme allows the experiment to be

readily applied to systems that involve complex solvents

with multiple resonances. The WET sequence consists of

four shaped RF pulses alternating with magnetic field
gradient pulses. The WET-associated RF pulses were

6ms in duration and of the SEDUCE type [27,28].

The analytical form for a single SEDUCE pulse is de-

fined in Eqs. (4a) and (4b) below:

m2ðtÞ ¼ m0sin
2pðt þ 1

2
Þ sec hð500tcðtÞÞ; ð4aÞ
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cðtÞ ¼ 10tanh2ð0:08jtjÞ; � 1

2
6 t 6

1

2
: ð4bÞ

SEDUCE pulses were delivered as laminar waveforms

[25,26], with phase-encoded extrema at 1114Hz (2.2ppm)
and 1318Hz (2.6ppm) upfield of the carrier frequency

aimed at the methylene and methyl resonances respec-

tively. WET-associated PFG pulses used were 1ms in

duration and the intensities of the individual sequential

PFG pulses was approximately 28, 14, 7, and 3.5Gcm�1.

The total interval between RF pulses in theWETmodule

was �7ms, e.g., the sum of the RF and PFG pulses. In

principle, solvent suppression could be optimized by vary-
ing the duration between RF pulses, e.g., optimized for

differences in solvent and solute T1s, however in practice

such adjustments translated into small changes in the sup-

pression and the overall suppression of solvent reso-

nances is extremely effective (see Fig. 2).

The PFG NMR diffusion experiment described in this

article employs a tandem-stimulated echo approach. The

experimentmakes use of constant-time diffusionwith var-
iation of the strength of the applied gradient pulses to pro-

duce an array of one-dimensional experiments wherein

the intensity is scaled both by the diffusion interval and

the magnitude of the gradient pulses. The diffusion inter-

val and the gradient strength used to install the z-coilmust

be empirically balanced depending on the maximal gradi-

ent strength available and the absolute value of the diffu-

sion coefficient. In the current study, the total diffusion
interval was 100ms. To further improve sensitivity, the

transverse magnetization is converted into longitudinal

magnetization following generation of the z-coil. For

macromolecules, wherein the product of the rotational

correlation time and the Larmor frequency are much lar-

ger than unity, this element makes a substantial contribu-

tion to the overall sensitivity of the experiment.

The diffusion experiment is conducted using an array
of PFG strengths, between 7.5 and 57Gcm�1 in the

present example. The translational diffusion coefficient,

Dt, is fit to the following Gaussian expression:

IðGzÞ ¼ I0 exp½�ðcdGzÞ2ðDÞDt�; ð5aÞ

D ¼ T þ 4d=3þ 2s; ð5bÞ
wherein I (Gz) is gradient-dependent intensity, I0 is the

initial intensity, Gz is the strength of the applied field

gradient pulse (which is arrayed in this experiment), d
is the duration of the field-gradient pulse and T is a de-

lay that together with the length of the gradient pulses

and associated delays, s, determines the effective diffu-

sion interval [21]. The sequence also minimizes the

influence of eddy currents by including an additional

delay time period before the signal acquisition, which

also serves to accommodate additional phase cycling

and could in principle support an additional solvent
suppression component (not necessary in the current

implementation).
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