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Abstract. The concept of diffusion-ordered NMR spectro-
scopy (self-diffusion coefficients measurement in high-reso-
lution mode) is considered. The most important aspects of
interpretation of experimental data, as well as the scope and
limitations of the available theoretical and phenomenolog-
ical models relating the self-diffusion coefficient to the size
or mass of the molecular system are discussed. The bibliog-
raphy includes 219 references.

1. Introduction

Investigations of the formation of intermolecular com-
plexes, association, self-organization, molecular recognition
and rearrangements of supramolecular structures under the
action of various factors belongs to the most promising
avenues of modern chemical and biochemical researches.
This is first of all due to the fact that such processes occur in
both wildlife and inorganic nature. In biochemistry, these
include metabolism and the ‘bottom—up’ evolution of
systems from supramolecules to organs. Their occurrence
in living organisms is genetically programmed and deter-
mined. In inorganic matter, there is also a rather large
number of examples of how co-operative effects determine
the macroscopic properties and structure. These include the
catalytic effect of micellar systems, processes in organized
media, etc. Therefore, it is very important to understand the
nature of such processes, to known how one can affect the
ensembles mentioned and to design novel ‘smart’ supra-
molecular systems. To reach this goal, one should reliably
determine the 3D molecular structure, which is of particular
importance in studies of solutions.
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High-resolution NMR spectroscopy proved itself as one
of the most efficient experimental methods used in the
research on solutions.! ¢ A number of efficient techniques
were developed, which make it possible to determine inter-
nuclear correlations (correlation spectroscopy) and, thus, to
reconstruct the topologies of molecular systems. In some
cases, this permits a ‘direct’ determination of their struc-
tures. Internuclear correlations can be due to both direct
and indirect spin—spin interactions. At present, there is
almost no problems for studying systems in solutions on the
level of separate molecules because NMR spectroscopy
allows one to obtain comprehensive information on the
spatial structure and dynamics of such systems.6~17

However, studies of the spatial structures of organized
multicomponent complexes linked by weak noncovalent
interactions face severe difficulties. First, problems arise
due to ‘indistinguishability’ of signals of particular compo-
nents or fragments of the system in the NMR spectra owing
to spectral ‘unresolvability’ and, most often, ‘symmetry’-
driven magnetic equivalence of these components. In other
words, in such cases signals of individual components in the
NMR spectra are in principle indistinguishable and the
number of components in the complex (associate) cannot
be evaluated. Second, the potential energy surface of a
multicomponent system has a very complex shape and is
characterized by a vast variety of energy minima; therefore,
the observed spectral and relaxation effects are averaged
over different states. Eventually, conventional NMR spec-
troscopy techniques (analysis of the chemical shifts and
nuclear Overhauser effects ¥-29) may appear to be ineffi-
cient.

Fortunately, in the early stage of development of NMR
spectroscopy (in the 1960s) researchers found how one can
estimate the parameters of molecular self-diffusion.?! Tak-
ing account of the fact that the mobility of a system is
related to its size, one can at least estimate the size of the
system when other NMR parameters become noninforma-
tive. The essence of the approach is to label the spatial

T The review is devoted to the 65th anniversary of the Kazan Scientific
Centre of the Russian Academy of Sciences.
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positions of nuclear spins by applying a magnetic field
gradient and, having repeated this operation after some
time, to obtain information on molecular displacements.
This allows one to assess the molecular mobility.??~24
However, obtaining such information was for long accom-
panied by the loss of high spectral resolution.

Elaboration of the theory of NMR spectroscopy and
improvement of experimental equipment enabled measure-
ments of the self-diffusion coefficients (SDC) in the high-
resolution mode and thus the emergence of a specific
experimental method, viz., diffusion-ordered NMR spectro-
scopy (DOSY).2>-2% The possibility to relate spectral
parameters to the self-diffusion coefficients makes DOSY
an important experimental method suitable for separation
of the spectral contributions of different components of a
system under study based on different sizes of the compo-
nents. Moreover, having evaluated the size of the molecular
system, one can assess its packing, degree of association,
etc.?8733 Intuitively understandable physical sense of the
correlation ‘SDC —size’ (the larger the molecular system the
lower the SDC and vice versa) and simple interpretation of
the DOSY spectra (no loss of spectral information) prede-
termined a wide practical use of this method.

At present, DOSY is a key tool of quick analysis (in
some cases, the only source of information on the structure
of a system under study). The technique has a great
potential for the studies of ionc liquids,* analysis of
complex mixtures 33~3° including mixtures of different iso-
mers;37 however, it is most widely used in studies of supra-
molecular systems.3! =33 First of all, these are investigations
of their aggregation and self-organization,**~ 33 molecular
recognition >*~ %3 in ensembles of organic and organometal-
lic molecules including novel catalytic systems based on
transition metal complexes.®4~ This is due to the fact that
the formation of supramolecular ensembles is usually
accompanied by changes in their geometric parameters,
namely, an increase in the characteristic volume (mass)
upon association, changes in the mobility of components
of the system upon formation of inclusion complexes, etc.
For instance, DOSY studies clearly demonstrated the for-
mation of molecular capsules and the dependence of their
stability on external conditions.**~42 In studies of micelle
formation and aggregation, the technique permits reliable
detection of the formation of molecular ensembles, deter-
mination of their size, degree of aggregation, etc.*3—33.64
This is a key tool for investigations of very interesting
supramolecular systems called molecular machines (ensem-
bles whose structure and behaviour can be controlled using
some external factors).’!>57.38.62 DOSY also has found
applications in studies of biosystems,%’-%® pharmaceuti-
cals®-70 and the structure of nanoparticles.”! Mention
should be made of joint DOSY and high-resolution magic
angle spinning (HR MAS) NMR studies,”>~74 which allow
one to investigate diffusion in viscous and gel-like (semi-
solid) samples, in particular, biological tissues,’*7°
cells,’®77 lyposomes,”® membranes,’®-80 liquid crystals 8!
and food.%?

At the same time, DOSY studies revealed severe me-
thodological problems due to both artifacts observed in the
course of experiments and errors in numerical interpreta-
tion of the results obtained; these features cannot always be
accounted correctly. To date, a number of problems have
been eliminated but some of them are still to be solved, as
indicated by numerous critical studies reported recently.

The authors of this review have made an attempt to
generalize the available published data and their own
research experience in analysis of the scope and limitations
of DOSY and assessment of the sources of errors and
methods of their minimization in the course of experimental
design and experimental research, transformation of ‘raw’
experimental data to determine the SDC values, interpreta-
tion of the measured SDC to search for correlations with
geometric parameters of systems under study.

I1. Methods for measurements of self-diffusion
coefficients in high-resolution NMR spectroscopy:
the scope and limitations

Experiments on SDC measurements and various modifica-
tions of the DOSY technique have been well documented in
reviews. Therefore, we will not dwell on them and only
briefly outline some key issues to introduce the subject of
this review; then we refer the readers to original publica-
tions (see Refs 25—-33).

The simplest method of experimental determination of
SDC involves the use of Hahn’s pulse sequence 83 modified
by Stejskal and Tanner,?! who inserted pulsed magnetic
field gradients (Fig. 1). Application of this pulse sequence
to a system of nuclear spins is followed by a response (spin
echo signal) whose amplitude is modulated by the SDC.

! i Il i |
90° 180°
—
RF pulses Time
! A |
|:| I:I o
PFG Time
Figure 1. The Stejskal - Tanner pulse sequence.

Hereafter, grey rectangles denote the 90° and 180° RF pulses, white
rectangles denote the PFG of duration o; 4 is the diffusion time and
is the time delay between RF pulses.

The pulsed field gradient (PFG) in the Hahn pulse
sequence encodes the current spatial positon of the mag-
netic moment (i.e., the whole molecule) using its Larmor
frequency. The second PFG decodes a new position at
which the molecule arrives after displacement during the
time interval 4 called the diffusion time. From the differ-
ence between the current value of the spin echo amplitude
and its maximum value one can evaluate the displacement
of the molecule from the initial position. With no temper-
ature and concentration gradients, these molecular displace-
ments can only be due to Brownian motion of molecules,
which is characterized by the self-diffusion coefficients.
Therefore, by analyzing the echo amplitude one can deter-
mine the SDC characteristic of the system in question.
Practically, this is achieved by approximating the experi-
mental dependence of the spin echo signal on the PFG
amplitude by a known analytical function. This function
was first obtained by Stejskal and Tanner?' who studied
free diffusion of same-type molecules in solution assuming
rectangular PFG:
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1(0,4) = Iyexp {—Dyzgzéz <A — g) —R} , (1)

where ¢ is the duration of the gradient pulse(s), 4 is the
diffusion time (s), /o is the amplitude of the spin echo signal
provided no PFG, D is the self-diffusion coefficient
(m?s—1), y is the gyromagnetic ratio (Hz T—'), gis the
magnetic field gradient (T m—') and R is the relaxation
factor.

This dependence is called the diffusion decay and can be
obtained when detecting the echo signal upon consecutive
stepwise increase in the PFG amplitude.?” The advantage of
this approach is that the overal duration of the pulse
sequence remains constant in the course of experiments.
As a result, the relaxation and diffusion contributions can
be separated with ease [see Eqn (1)]. Note that, in principle,
the diffusion decay curve can also be obtained by stepwise
increase in 4 or &; however, this is not used in practice 84
because the contribution of the relaxation factor at each

point will be different and analysis of experimental data will
be strongly complicated.

The algorithm described above is simple in practical
implementation and thus still widely used in, e.g., studies of
porous media.®> At the same time, it has a severe drawback,
viz., analysis of the echo signal amplitudes only ¥ cannot be
accompanied by simultaneous analysis of spectral data.

At first glance, it would be logical to obtain a Fourier
transform of the echo signal, i.e., a conventional spectrum,
and to analyze the dependence of the amplitude of each
signal in the spectrum on the PFG amplitude. In other
words, the diffusion decay curves and, thus, the SDC would
be obtained for each spectral line individually. This was
practically implemented about three decades ago;8¢— 3% how-

1 In studies of porous media or systems characterized by high molecular
masses, it is sufficient to analyze the integrated intensity of the echo signal
because, owing to physical features of these systems, their NMR spectra
usually have a low resolution, i.e., the recovery of spectral information
from the echo signal is usually senseless.
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Figure 2. A DOSY NMR spectrum of a three-component system (‘H NMR, 600 MHz, 298 K, a solution in D>0).%?
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ever, a wide use of this technique began only in the mid-
1990s when a number of problems concerned with the use of
PFG were solved °° and the magnetic field gradient accesso-
ries became common parts of NMR spectrometers. First of
all, the case in point is the design of systems of active-
shielding of gradient coils in the NMR probes, efficient
PFG generators with short swtitching times, magnetic field
stabilization systems, erc.?®27 The early stage of develop-
ment of diffusion-ordered NMR spectroscopy also dates
back to that time.?> This allowed researchers to relate
spectral (chemical shifts) information to diffusion (SDC)
data (Fig. 2). If the spectra of different components are well
resolved on the chemical shift scale, one can also obtain a
very high resolution on the SDC scale.?%- 30

Currently, DOSY allows one to study systems with
molecular masses >100 kDa (SDC < 10~ 12 m? s~ ). The
method is highly sensitive, permits reliable detecton of
signals of compounds whose concentration can be as low
as 107> mol litre ~!. Thus, the number of appropriate com-
pounds and materials is very large (Table 1);27-36-91-95 this
predetermines the great need for DOSY. Moreover, since
the SDC of a system under study can be assessed rapidly
(within a few seconds) using specific pulse sequences, the

technique can be treated as a method for quick analy-
sig, 96100

Table 1. Self-diffusion coefficients of compounds measured at 298 K.

Compound Molecular SDC/ Ref.
mass 10~ m2s—!
H-,O 18 23.0 27
D,O 20 18.7 27
HOD in D,O 19 19.0 27
C6H6 in C6D6 78 22.1 27
MeOH in CD3;OD 32 24.1 91
EtOH in CD3;CD>OD 46 10.7 91
Me,SO in (CD3),SO 78 7.3 91
Me,CO in (CD3),CO 58 45.7 91
MeCN in CD3CN 41 43.7 91
MesSi (1% in CDCl3) 88 29.2a 92
Me;Si(CH2)3SO3Na 218 6.0 93
(1% in D2O)
Glucose in D,O 180 6.8 94
Saccharose in D,O 342 5.2 94
Raffinose in D,O 504 4.3 94
a-Cyclodextrin in D,O 973 3.57 56
B-Cyclodextrin in D,O 1135 3.21 56
v-Cyclodextrin in D,O 1297 3.09 56
Maltodextrin in D,O 6100 2.0 94
Poly(ethylene oxide) in DO 2.1x10* 0.351 95
1.6 x 10° 0.0874 95
5.7%10° 0.0238 95

At 300K.

However, all experimental methods including the NMR-
based determination of SDC have some limitations. Prob-
lems of DOSY experiments are first of all of hardware
nature (eddy currents, quality of PFG generated, temper-
ature gradients). They also include optimization of pulse
sequences for particular samples, which in turn is deter-
mined by their properties (solvent viscosities, relaxation
times of compounds under study). A large number of such
problems were eliminated or minimized in the course of

improvement of the technique; however, some of them are
still to be solved in spite of considerable efforts.?>—32.101-105

1. The effect of eddy currents on diffusion-ordered spectra
and methods of suppression of eddy currents

Generation of PFG is accompanied by fast switching of
electric current in the gradient coil and induction of eddy
currents (a source of the so-called ‘shaded’ gradient pulses)
in metallic parts of the probe around the NMR tube. Since
the ‘shaded’ gradient pulses cannot be accounted for, this
eventually leads to strong distortion of the spin echo signal.
Modern probes are equipped with active-shielding sys-
tems,?” which reduce the amplitude of eddy currents by a
few orders of magnitude. However, when using large-
amplitude PFG, the effect of eddy currents may be notice-
able.

Methods of minimization of this effect can be divided
into three groups:

— hardware solutions;

— modification of pulse sequences; and

— correction of raw experimental data.

The first group of methods includes either specific
modification of the initial shape of PFG 94106 produced
by the gradient generator or dynamic shiming!'97-199 to
compensate the induced shaded gradients. The main prac-
tical approach involves the ‘pre-emphasis’ proce-
dure?7-32:104  aimed at initial tuning of the gradient
accessory of the spectrometer. The case in point is that,
owing to induction of shaded gradients induced by eddy
currents, the actual shape of the PFG in the gradient coil
differs from the specified one (Fig. 3a). During the ‘pre-
emphasis’ procedure, parameters of the gradient generator
are tuned in such a way that generation of a PFG be
accompanied by some transformation of the pulse front
and decay (Fig. 3b). This creates conditions under which
the actual shape of the PFG in the gradient coil matches the
preset PFG shape. Usually, this procedure is done once and
then the parameters for correction of the PFG shape are
stored and used by the gradient generator without subse-
quent tuning. However, in each particular case the distribu-
tion of eddy currents within metallic parts of the probe can
be different 195 [especially, when using large-amplitude PFG

Specified PFG shape a Actual PFG shape

-
|
1
|
1
|
|
[

Time

ﬁ"ime

Figure 3. Illustrations of ‘pre-emphasis’ procedure.

The PFG shape at the input of the gradient coil and the PFG shape
actually generated in the gradient coil without pre-emphasis (a); the
same under pre-emphasis conditions ().
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(~10 T m—1)] and, probably, correction of parameters of
the ‘pre-emphasis’ procedure will be required.

The second group of methods involves modificaton of
pulse sequences. These methods are aimed at reducing the
amplitude of eddy currents and minimizing their effect on
the spin echo signal.

The first step on this way is to use non-rectangular PFG.
Since the amplitude of eddy currents is proportional to the
rate of the change in electric current flowing through the
gradient coil,?” the use of smoothly increasing/decreasing
gradient pulses should lead to suppresion of eddy currents.
For instance, the use of trapezoidal (Fig. 4a) and half-
sine (Fig. 4 b) pulses gives good results. Equation (1) can be
used without modification; only the gradient g should be
replaced by the amplitude of an equivalent rectangular
pulse having the same area under curve (i.e., dg) as the
initial PFG.!'' A drawback of this approach consists in
that, owing to the smaller area under curve for non-
rectangular PFG compared to rectangular one at the same
amplitude, the action of the former on the system will be
less pronounced; this can be critically important in the
studies of systems with small SDC. Moreover, even non-
rectangular PFG do not allow a 100% suppression of eddy
currents.

Time

Figure 4. Different PFG shapes: trapezoidal (a) and half-sine (b).
Dashed lines confine equivalent rectangular PFGs (with the same area
under curve).

In this respect, pulse sequences based on the stimulated
echo (STE, Fig. 5 a) sequences including: STE-LED (Stimu-
lated Echo with Longitudinal Eddy current Delay,
Fig. 5bh) " and especially STE-BPLED (Stimulated Echo
with Bipolar Pulse pair and Longitudinal Eddy current
Delay, Fig. 5c¢) have proved themselves.!''?> The STE pulse
sequence offers a number of advantages !'3 over the Stejskal
and Tanner pule sequence (see below for detail).

Suppression of eddy currents is achieved using an addi-
tional time delay t* at the end of the pulse sequence. The
essence is that the fourth RF pulse (see Fig. 55) causes the
magnetization vector to leave the xy plane and become
parallel to the z axis, thus no longer being affected by the
shaded gradients induced by eddy currents. The magnet-
ization vector retains its orientation over the time interval
T* (usually, a few milliseconds), which is long enough for
eddy currents to decay.?? Then, under the action of the last
RF pulse in the pulse sequence the magnetization vector
again goes to the xy plane, which is followed by detection of
the echo signal.

The STE-BPLED pulse sequence (see Fig. 5¢) differs
from STE-LED in that it uses composite gradient pulses
(two PFG having halved duration and opposite signs
separated by a 180 RF pulse) instead of single PFG. Since
the gradient pulses have opposite signs, eddy currents
induced by them are partially cancelled.!'% !> Moreover,
composite PFG offer additional advantages, e.g., they allow

T T T
H 90° H 90° H 90°
RF pulses ‘ Time
(3 A >
0
il i
PFG
Time
b
T 7 T *

H 90° H 90°

RF pulses
| A =
é
il [
PFG
Time
c
‘ 2 12 4 T2 t/2  t*
e« c—>«—>|
HW Hlsofﬂ%o H90° Hwoﬂ%“ H%“
RF pulses ‘ Time
A
=5 ™ sn

o T X
92 »I:Iﬁ/z Time

STE-LED (b) and

PFG

Figure 5. The pulse
STE-BPLED (c);

7, 7 are the time delays between RF pulses and t* is the time delay for
suppression of eddy currents.

sequences: STE (a),

one to minimize the effects of inhomogeneity of the main
magnetic field By and cross-relaxation (see below).!!3

The third group includes methods involving specific
kinds of mathematical treatment of free induction
decays.?7-101.102 Ip this case, the key problem is to minimize
spectral distortions caused by eddy currents rather than to
suppress eddy currents. However, such methods are of
limited use.

2. Effect of PFG quality on measurements of self-diffusion
coefficients

Practically, gradient pulses generated in a gradient coil can
be considered uniform only in the central part of the
coil.?7-22 Moreover, it is not known with certainty that the
gradient pulse generated in the coil is identical to that
produced by the gradient generator. As a result, the PFG
amplitude in that part of the sample that is excited by the
RF coil can vary within 30%. At the same time, any
deviation from the preset PFG shape or amplitude leads to
distortion of the character of the diffusion decay. Eventu-
ally, the SDC determined in different regions of the same
sample can vary within 50%. A small systematic error is
admissible when comparing the relative values of SDC but
inadmissible when carrying out quantitative measurements.
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A number of methods for solving these problems were
proposed.?7-29:103,116-133 The most appropriate algorithms
proved efficient are considered below.

Generally, a method for excitation of a sample with
PFG having specified parameters includes two interrelated
steps. Therefore, optimization of PFG may require a
number of iterations.

Step 1. Determination of PFG amplitude. The absolute
value of the magnetic field gradient produced in a gradient
coil is proportional to the electric current flowing through
the coil. The coefficient of proportionality (calibration
constant) gcai is a unique characteristic of a particular
probe. Therefore, prior to going to diffusion measurements,
one should accurately determine this parameter.

Theoretically, the gca1 value and even the PFG shape can
be calculated in each case from the known geometric
parameters, the number of turns in the coil and the electric
current flowing through the coil. However, if the gradient
coil is surrounded by certain metallic parts(even if the
active shielding system is available), accurate calculations
are impossible. Therefore, this method is used only in the
first step of operation with a noncalibrated gradient coil to
estimate the amplitude of a PFG produced at a specified
electric current flowing through the coil.

To allow for all features of the gradient pulse actually
produced within the sample, one should carry out test
experiments using a sample with the known SDC. However,
one should take into account the fact that the nonlinearity
of the PFG, eddy currents, etc. depends on the electric
current flowing through the gradient coil. Therefore, the
described algorithm is most efficient when measurements
with an actual sample are carried out under identical
conditions including the same time delays and the pulse
durations and amplitudes as those used in the pulse
sequence. Thus, exact determination of the SDC of a system
under study requires preliminary experiments with a refer-
ence sample having a similar SDC under identical condi-
tions. For systems with relatively high SDC, the choice of
appropriate references is not a problem;%%-94.120-126 gther-
wise, it becomes problematic.!??

Step 2. Taking account of the spatial profile of a PFG.
All conclusions about correlations between the SDC and the
shape of the diffusion decay curve (see above) were drawn
assuming that the magnetic field gradient produced in a
sample has a particular constant value in the bulk of the
sample. At the same time, almost all available types of
gradient coils provide no possibilities of producing such
PFG.?7:2° A perfect, almost ideal magnetic field homoge-
neity can be achieved only in the so-called HR MAS probes
equipped with a Z-axis gradient coil.'** However, such
probes for liquid samples are rare !3* because, on the one
hand, HR MAS probes are not integral parts of conven-
tional ‘liquid-phase’ NMR spectrometers and, on the other
hand, operation with the HR MAS probes has some specific
features.

In conventional high-resolution NMR probes equipped
with a gradient coil, the PFG homogeneity region is usually
limited to a distance of about 10 mm near the centre of the
gradient coil. Therefore, the shape of the experimentally
observed diffusion decay will differ from the ideal shape '8
[see Eqn (1)]. For instance, the SDC of water 2° (T = 296 K)
determined using the first five points in the diffusion decay
curve (small PFG amplitude) is 1.79x107% m?s—!
(c¢f. 1.60x 10— m? s—! obtained using the last five points
in the diffusion decay curve, where the PFG amplitude

approaches a maximum value). Calculations using all points
in the diffusion decay curve give a value of
1.71 x 10=2 m? s—!. Thus, the SDC value is determined
with a large error, which increases as the PFG amplitude
increases.

a. Physical reduction of sample height
There are a number of methods for producing spatially
constant-amplitude PFG in a sample. One of them is to
reduce the height of the sample under study to the size of the
PFG homogeneity region.?%-133 At the same time, this can
lead to the loss of homogeneity of the magnetic field By in
the bulk of the sample. As a result, the use of samples
shorter than 30 mm appears to be unreasonable.!33

To avoid strong distortion of the magnetic field at
sample boundaries, it is appropriate to use a short sample
placed between two inserts with properly matched magnetic
susceptibility and with the required total height. Such
inserts may be made from solid materials with special
composition 128129135 or liquids producing no signals at
the frequency of the nuclei under study.?” However, this
technique is of limited use because of difficulties in choosing
appropriate inserts with the necessary magnetic susceptibil-
ity for arbitrary samples.

b. Modification of pulse sequence

A good approach aimed at minimizing the PFG nonlinear-
ity is to modify the pulse sequence. As a result, the signal is
received only from that fragment of the sample where the
PFG gradient has a maximum homogeneity. This is
achieved by excitation of a small fragment of the sample at
the centre of the gradient coil.

An example is provided by the ‘Slice-Selection’ techni-
que 22139 whose idea was taken from NMR imaging.!3¢
Namely, the action of a 90° pulse which excites a desired
frequency region (about 10 kHz for 'H nuclei) is accompa-
nied by application of a small-amplitude gradient. As a
consequence, the resonance conditions are met only within
the small spatial region at the centre of the sample where the
additional magnetic field produced by the gradient coil is
nearly zero. By varying the gradient one can choose slices as
thin as necessary but thick enough to avoid the influence of
the molecules penetrating the active layer during the acquis-
ition time on the diffusion decay. This condition is met if the
layer is a few millimetres thick.?® For instance, the self-
diffusion coefficients of water (nearly 3-mm thick layer)
determined using the first five, last five and all points in the
diffusion decay curve are almost equal (2.25x 107,
2.23x107°% and 2.22x10-2m?s—!, respectively) and
close to the actual SDC of water molecules.?®

Yet another method is to augment the pulse sequence
with a specific adiabatic inversion pulse,'3!-132 which also
excites only the central fragment of the sample.

In spite of attractive features of these approaches, they
are of limited use because selection of a slice in the sample
unavoidably reduces the signal-to-noise ratio.

c. Parameterization of Stejskal — Tanner equation with allowance
for PFG shape

At present, the most efficient method of solving problems
concerned with a nonideal PFG shape involves calculations
of the deviation of the actual PFG shape from a perfect
one.!03. 116,119 The case in point is that application of a real
PFG whose amplitude varies along the sample leads to
multiexponential diffusion decay even for one-component
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molecular systems. It was proposed to quantitatively
describe the actual shape of the gradient pulse and then to
modify the Stejskal—Tanner equation (1) in appropriate
manner.

The Stejskal—Tanner equation can be modified in two
ways. One of them is called a ‘direct’ procedure and based
on representation of the diffusion decay by a function of the
squared nominal amplitude of the gradient pulse for a
sample with the known SDC. The diffusion decay thus
obtained is then approximated by an appropriate function
(distribution function,!%3 exponential of a power series '!°)
with corresponding variables to take into account the
observed deviation of the experimental curve from that
described by Eqn. (1).

A modified Stejskal - Tanner equation has the form:!03

Jp(gcal) exp { - Dyz([gcal)zéz (A - 5/3):| dgcell

J P (gcal)dgcal

1(5,4) = I (2

Here, the amplitude g of the gradient pulse was replaced by
Ig.a1 taking account of its proportionality to the electric
current / flowing through the gradient coil. At the same
time, the gea1 value varies along the sample from g™ to g
when PFG applies (see above); therefore, the observed spin
echo decay at a specified electric current I should be
weighted with the weight function p(gcar). The boundary
condition is as follows: the function p(gca1) should be zero
outside the active region of the sample.

The function p(gca1) can be determined upon carrying
out the Stejskal —Tanner experiment with a weak magnetic
field gradient applied during the signal acquisition time. As
a result, one gets an image of the sample (as in NMR
imaging).??-193 Would the PFG be linear within the whole
excited volume of the sample, this experiment should result
in a rectangular spectrum (Fig. 6). The actual spectral
shape is more complicated because it characterizes the
p(gca1) distribution (Fig. 6 b).

—50 0 ppm —50 0 ppm

Figure 6. The expected (a) and actual (b) 1D images of the sample
('"H NMR, 400 MHz, 298 K, 10% D>0-90% H>0).

At the same time, an analysis of the series of 1D profiles
for a model sample with a known SDC obtained upon
successive increase in the electric current in the gradient coil
makes it possible to determine the form of the function
p(gea1).193 Taking into account the fact that in conventional
probes the amplitude distribution of the magnetic field
gradient along the sample is rather narrow (usually, the
PFG at the periphery is about 25% weaker than at the
centre of the gradient coil 27-2%-193) the g., distribution is
correctly described as follows:

0, gl > g > gal
P(8eat) = § 2(8eal — geal') min max
“ (gm;lf;(l — gr;;l‘n)z y 8eal < &eal < &cal
ca ca

This distribution was obtained for a reference sample
(1% H»0 in DO+ 103 kg litre~! GdCls), and can then be
used for all samples as a characteristic parameter of the
probe chosen.!03

Eventually, Eqn (2) with the found distribution param-
eters takes the form

2 2
16,4 2 exp (— qgear ) exp ( —qgail )
' B <gmellx _ gmiln)2 2q 2q
ca ca.
1/2 _min
T/ g . ;
= {erf(fjl/zggﬁx> - erf(ql/zgsza")} } :
where

When using this modification of the Stejskal—Tanner equa-
tion, the root-mean-square error in the approximation of
the diffusion decay decreases by more than an order of
magnitude compared to the case where nonlinear character
of PFG is ignored.!03

However, it should be noted that the ‘direct’ technique
requires a great care. The point is that in the experiments
with a reference sample to obtain the parameters of the
modified Eqn (2) one has to exclude the effects of all other
factors apart from nonlinearity of the PFG, but also
(temperature gradients, undesired coherence transfer chan-
nels, etc.) on the SDC value to be measured.

The ‘indirect’ technique ''? is free from these drawbacks
because it assumes mapping of the spatial distribution of the
signal and the profile of the gradient pulse for a particular
sample. Then one should calculate the expected form of the
dependence of the diffusion decay for the entire sample and
approximate it as in the ‘direct’” method. This technique is
more general because it assumes inhomogeneity of the RF
field in the bulk of the sample; this is ignored by other
approaches.

In this case, the Stejskal — Tanner equation (1) should be
modified as follows: 116119

N
1(8, 4) = Iyexp <— > gl 2”),

n=1

where ¢, are the weighting coefficients which characterize
the degree of deviation of the actual diffusion decay on the
monoexponential curve (coefficient ¢; has a clear physical
meaning, namely, it characterizes the deviation of the
sample-averaged actual gradient value from the nominal
one);

~ 242 0
=y’D(4-2).
i=75n(a-5)

This model can also be used for highly nonlinear
PFG.!1?
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An advantage of these approaches over the ‘Slice-Selec-
tion” method is that the signal-to-noise ratio is retained
because these techniques ‘operate’ with the whole sample
volume excited by the RF coil. However, experiments based
on mapping of the spatial profiles of the gradient and RF
pulses require enhanced phase cycling and, therefore, a
much longer time and the use of much more complicated
pulse sequences.

Thus, production of a PFG with preset parameters
(amplitude, shape, homogeneity) within the sample under
study is a multistep process. First, in the case of non-
calibrated gradient coil one should calculate parameters of
the PFG to be created at a specified electric current flowing
through the coil. For commercially available equipment,
this step is usually to a good accuracy performed by the
manufacturer. Second, one should map the 3D profile of the
gradient pulse to obtain information on the deviations of
the actual PFG parameters from the expected values. The
employed mathematical algorithm of processing of exper-
imental data should be modified taking into account these
deviations. Eventually, if possble, having chosen a reference
sample (depending on the type of the system under study)
with the known SDC value, one should ensure that the
previous steps were done efficiently, i.e., the SDC to be
measured should be equal to the known value (obtained by
some alternative method). Having done this, one can be
assured that the error introduced into the measured SDC
values by the ‘nonideal’ PFG shape is minimum.

3. Temperature gradients within the sample
and how to reduce them
Convective flows in a sample represent yet another factor
which can introduce large errors in the SDC determination.
Since the temperature of the sample placed into the probe of
an NMR spectrometer is stabilized by a gas flow having a
specified temperature, which blows the tube from the
bottom, the sample is heated nonuniformly, which creates
a temperature gradient. If this gradient is rather large,
longitudinal convective flows of the liquid along the sample
appear which are superimposed with diffusion flows. This
causes strong distortions of the diffusion decays (up to
sinusoidal modulations of the decay curve). Despite the
fact that this source of errors in the determination of SDC
has been a subject of scientific discussion,'37~ 139 the prob-
lem of efficient elimination of temperature gradients or at
least correct allowance for these effects when analyzing the
results obtained is still to be solved.!3: 139,140

There is a number of methods for minimization of
temperature gradients in the sample. First of all, this is the
use of high-quality temperature stabilization system because
the SDC depends on temperature very strongly. In most
cases it can be approximated by the expression derived
within the framework of the Frenkel activation model: 4. 141

E
D= Doexp(—ﬁ)

where
52
o = 6_1:0

is the temperature-independent factor in which ¢ is the
length of an elementary jump of the molecule from one

equilibrium position to another (m), t is the period of
molecular oscillations near the equilibrium position (s); Eq
is the activation energy of self-diffusion (J), R is the
universal gas constant (J mol—! K~1!) and T is absolute
temperature (K).

This leads to a situation when the SDC varies by a few
per cent as the temperature changes by a degree; therefore,
any instability of the temperature regime can lead to
noticeable errors.

Yet another important method for attainment of uni-
form temperature distribution within the bulk of the sample
involves the use of intense gas flow, especially at temper-
atures different from ambient one.!33-137 Unfortunately, at
higher temperatures very intense gas flows are needed
(>1m?3 h—") and this approach can lead to errors associ-
ated with tube vibrations, viz., vibration-induced motions of
the sample can superimpose with the diffusion motion and
thus cause significant distortions of experimental results.
Similar problems can also arise when cooling with nitrogen
flow in the course of low-temperature experiments.

An alternative (or an additional) method is to physically
reduce  the sample  volume (diameter  and/or
height).27-29.130. 137 First of all, it is recommended to reduce
the diameter '*? because longitudinal flows are minimized
owing to friction on tube walls. At the same time, reduction
of the sample volume unavoidably leads to a decrease in the
signal-to-noise ratio and even to the loss of the magnetic
field homogeneity (especially, at the boundaries) if the
sample volume is reduced considerably. Eventually, this
can cause a large broadening of spectral lines and compli-
cation of analysis of the results obtained. To solve this
problem, one can use specially shaped tubes '3 in which the
volume of the sample is confined from both sides by two
inserts whose magnetic susceptibility is chosen to be close to
that of the solution.!?-135 At the same time, this technique
is expensive and inconvenient because the material of the
inserts should in fact be chosen for each sample.

All methods described above may appear to be insuffi-
cient to minimize the effects of convection if samples are of
low viscosity. In this case, it is useful to use modified pulse
sequences which minimize the effects of mass transfer in the
sample.'*3-145 For instance, with the double stimulated
echo (DSTE) pulse sequence '43-144 (Fig. 7) the effective
temperature gradient in the sample becomes equal to zero
because the phase shift prodused by the mass flow at a
constant rate is zero (laminar flow). Examples of correct

‘ Time

RF pulses
42 4/2
O m— fe————
S [0 [
PFG Time

Figure 7. The double stimulated echo pulse sequence for compensa-
tion of convective flow effects with a time delay for suppression of
eddy currents.
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Figure 8. NMR spectra obtained using the STE-BPLED (a, b) and
DSTE (¢) pulse sequences.
PFG amplitude: 2% (@) and 95% (b, ¢); '"H NMR spectrum (600 MHz,
253 K, in CDClj solution).

determination of SDC values using this pulse sequence even
at a relatively high temperature (347 K) were reported; the
error in SDC determination was one tenth of that obtained
with the STE-BPLED pulse sequence.!43. 144

The DSTE pulse sequence is highly efficient in low-
temperature experiments, in which production of intense
uniform flows of the cooling gas is difficult and the use of
tubes with a smaller diameter is undesired owing to a
decrease in the signal-to-noise ratio. A comparison of the
results obtained after application of one-dimensional
STE-BPLED and DSTE pulse sequences to the sample
under study (CDClj as solvent, 7= 253 K) using the PFG
with an amplitude of 95% of its maximum value (Fig. 8)
clearly demonstrates the effect of convection and significant
phase distortions of the signals. As a consequence, the error
in the determination of SDC appears to be very large. At the
same time, the spectrum obtained with the DSTE pulse
sequence is undistorted¥ and the SDC can be determined
with a good accuracy (error <10%).

A drawback of the DSTE pulse sequence is the need for
enhanced phase cycling. In addition, the overall sensitivity
of this pulse sequence is somewhat lower than that of, e.g.,
STE-BPLED sequence because of the longer duration of the
DSTE sequence. As a result, the corresponding relaxation
decay is also longer.'*3 However, it is clear that in some
cases the loss of sensitivity can be compensated by the gain
from minimization of convection.

Thus, neglect of temperature gradients can have a
dramatic effect on the results of diffusion experiments. To
eliminate the problem, one should stabilize the temperature
of the sample. To this end, it is desired to carry out
measurements at temperatures near room temperature
using high intensities of gas flows to blow the sample. If
this is insufficient or impossible, one can reduce the diam-
eter/height of the sample and/or use specific pulse sequen-
ces.

§ The reference spectra recorded at a PFG intensity of 2% of the
maximum amplitude using both pulse sequences are similar (see Fig. 8 a).

4. Specific properties of samples

a. Short relaxation times

In some cases, SDC measurements can be precluded by
‘inconvenient’ (short) relaxation times of compounds. Since
most pulse sequences used for the determination of SDC are
relatively long, fast relaxation can cause a strong decrease in
the amplitude of the echo signal at the end of the sequence.
This problem is of particular importance in experiments
with supramolecular systems, proteins and when the spin
labels used are not protons.

In principle, from Eqn (1) it follows that shortening of
relaxation times does not introduce errors when determin-
ing the SDC value. One should only observe a decrease in
the amplitude of the spin echo signal. However, in some
cases this precludes full-scale experiments owing to small
signal-to-noise ratio, especially at large PFG amplitudes.
Moreover, shortening of the spin—spin relaxation time
leads to broadening of resonance lines, which can strongly
complicate processing of experimental results.

There is a number of approaches to eliminate this
problem. For instance, the transverse relaxation time can
be increased using the spin decoupling technique? or MAS
with Z-axis gradient coils.8!-14¢ However, both methods
require specific conditions (for the second method, in
particular, a tailor-made gradient probe is needed); there-
fore, they are of limited use.

At the same time, taking into account the fact that the
spin —lattice relaxation time (77) is often longer than the
spin—spin relaxation time (7%), it is appropriate to apply
the RF sequences in which the magnetization vector during
the longest time interval 4 is aligned to the z axis rather
than lies in the xy plane of the rotating frame where the
spin—spin relaxation ‘operates’ (in this case, the relaxation
rate is R ~ 1/T>). In the former case, one has R ~ 1/T}, i.e.,
the relaxation contribution in Eqn (1) may appear to be
much smaller.

The simplest example illustrating the aforesaid is pro-
vided by the STE pulse sequence (see Fig. 5a) 47 in which
the second RF pulse is applied immediately after the first
PFG in contrast to the Stejskal — Tanner pulse sequence (see
Fig. 1). Since this is a 90 ° pulse, it flips the magnetization
vector along the z axis, where this vector spends the time 7,
i.e., the longest part of the diffusion time 4. This offers a
number of advantages. First, the effect of eddy currents is
minimum because the shaded gradients induced by them are
usually aligned to the z axis and have in this direction the
most pronounced effect on the precession of the magnetic
moments in the xy plane. Second, the effects of J-modu-
lation, which may occur in systems with strong spin—spin
interaction, are minimized.?’” Eventually, when the magnet-
ization vector is parallel to the z axis, the defocusing
gradients can be applied to the system; they affect the
residual magnetization in the xy plane (the residual magnet-
ization can be due to, e.g., nonideal shape of the RF pulses).
This leads to great improvement of the final spectra. At the
same time, this pulse sequence has a significant drawback
(see also Section I1.4.b), viz., the amplitude of the detected
echo signal is halved compared to that obtained using the
Stejskal — Tanner pulse sequence. This is due to the fact that
the second 90 ° pulse (see Fig. 5 a) flips only 50% of the total
number of magnetic moments (x- or y-component).

Nevertheless, the advantages of this pulse sequence
usually compensate its drawbacks. Therefore, at present
the most widely used pulse sequences are based on the STE
sequence.



644

S V Kharlamov, Sh K Latypov

To avoid the problems concerned with relaxation, it
seems logical to reduce, to the maximum possible extent, the
durations of all time intervals between RF pulses. First of
all, the point is the diffusion time 4. However, it cannot be
shortened arbitrarily because the condition 4 > §/3 [see
Eqn (1)] should be met. Therefore, this shortening may
appear to be insufficient for systems with low SDC (for
which ¢ should be large).

In this situation, one could use large-amplitude PFG
(the larger the PFG amplitude the shorter the duration of
the pulse sequence). Modern commercially available high-
gradient diffusion probes allow one to produce
PFG > 20 T m~!. However, this is accompanied by more
pronounced effects of various negative factors, first of all,
eddy currents, and obtaining high-resolution spectra under
the SDC measurement conditions seems to be problematic.

The design of most conventional high-resolution probes
equipped with gradient coils enables reliable operation with
PFG of the order of 0.5 T m—!. Successful examples of
production of higher PFG in this type of probes are
scarce.!?7-148 For instance, the signal-to-noise ratio in the
DOSY spectra obtained in a 3'P NMR study of phosphor-
amidate ligand at 235 K (77 = 360 ms, 75 = 33.9 ms) using
a PFG of about 1.5 T m—! was about 40% larger than in
the corresponding spectra recorded at a conventional PFG
of 0.5 Tm~! (Ref. 148). The SDC values measured
appeared to be undistorted.

Practical implementation of this approach requires tak-
ing account of the fact that high PFG also induce noticeable
mechanical strain in the gradient coil. Therefore, first of all
one should choose an optimum power for a particular probe
design. The next key step includes a stepwise calibration of
the gradient produced (see Section II), which also has some
features.!?” Taken altogether, this undoubtedly makes the
approach in question of limited use.

At the same time, if the 'H relaxation times are short, an
alternative may be provided by operation with some
another nucleus (13C, >N, 3!P, efc.) characterized by a
longer relaxation time.!4°~ 15! Unfortunately, small gyro-
magnetic ratios and low natural abundance of isotopes of
nuclei with appropriate characteristics usually cancel out
the gain in the signal-to-noise ratio obtained owing to the
longer relaxation time.

Yet another elegant technique, which may be useful in
studies of systems with short relaxation times, is to use the
singlet state '2-153 for which the characteristic relaxation
time is usually much longer than 7. One can create a
singlet state in a two-spin system coupled by a scalar
interaction.'>? Excitation of the zero-quantum transition
may give rise to a mixed singlet-triplet state. The singlet and
triplet components have the characteristic relaxation times
T and Ts, respectively (75 >> T7). This makes it possible to
create a two-spin ensemble, which is almost isolated from
the environment and relaxes very slowly. For instance,
2-chloroacrylonnitrile is characterized by 7, of about 5 s
and Ts ~ 43 s at 298 K. At 227 K, one has 7| < 1 s, which
is inconvenient for operation, whereas 75 ~ 8 s, and one can
reliably determine the SDC value for this compound.!3?

Thus, to avoid strong relaxation decays when recording
the diffusion decays, it is appropriate to use the pulse
sequences based on the STE sequence with the shortest
possible diffusion time. If this is insufficient, stronger PFG
can be applied or the nuclei with longer relaxation times
used. Methods based on creation of the singlet state may
also appear to be useful. However, this requires much more

complicated pulse sequences characterized by long-term
tuning. Thus, at present there are no universal algorithms
of the SDC determination in the systems with very short
relaxation times.

b. Effect of spin diffusion and cross-relaxation on the stimulated
echo signal

Unfortunately, the STE-based pulse sequences are not free
from certain drawbacks.

First, if the magnetization vector is aligned to the z axis
(this occurs when using the STE pulse sequence), spin
diffusion may appear (in, e.g., studies of macromole-
cules).!!3 This manifests itself as a greater decrease in the
echo amplitude with the increase in 4 compared with the
values expected from the relaxation times for a given
system. This problem can be eliminated by including com-
posite gradient pulses comprising two PFG with opposite
signs 113115 (see Fig. 5¢) instead of single PFG in the pulse
sequence.

Second, problems in the experiments with the STE pulse
sequence may also appear due to the cross-relaxation
effect.!13-154-156 Intramolecular cross-relaxation leads to
distortion of the shape of the signals of the nuclei coupled
by the spin—spin interaction (AB-systems) and the degree of
distortion increases with an increase in 4. In this case, the
use of composite PFG also eliminates the problem.!13- 155 At
the same time, the efficiency of composite PFG may
decrease in the presence of intermolecular cross-relaxation
(the measured SDC depends on 4).15% 156 Nevertheless, in
some cases the SDC can be determined exactly.'>* More-
over, experiments with some other nucleus may be useful
provided no cross-relaxation for that nucleus.!¢

Thus, it is appropriate to use bipolar composite PFG
instead of single gradient pulses when applying the STE-
based pulse sequences. One should also ensure that no
intermolecular cross-relaxation occurs in the system under
study.

II1. Mathematical treatment of experimental
results

The problem of correct mathematical treatment of expe-
rimental results including the case of polydisperse systems
has been well documented.?8-2%30-157-176 There is a large
number of suitable algorithms. We will briefly outline only
some key issues.

Remind that the Stejskal — Tanner experiments give a set
of spin echo signals (only the second half of the echo signal
is used for analysis?%27) whose amplitudes successively
decrease according to Eqn (1). In other words, this is a
two-dimensional matrix of amplitudes E(g,r), where g is the
magnetic field gradient and 7 is time. To obtain a DOSY
NMR spectrum, this matrix is transformed twice. First, the
Fourier transformation E(g,r) = E(g,v) is performed. The
matrix E(g,v) (v is frequency) represents a set of one-
dimensional spectra in which the amplitudes of the reso-
nance signals decrease with an increase in g. The final step
includes passage from E(g,v) to the DOSY NMR spectrum,
i.e., to the matrix S(D,v), where D is the SDC. There is a
large number of algorithms suitable for performing the
transfomation E(g,v) = S(D,v).

From Eqn (1) it follows that if a system contains n
components and each of them is characterized by its own
SDC (D,), the expression for E(g,v) can be written in the
form
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E(gv) = > Ay(v) exp [—Dnvzgzéz (A - g)} : (3)

where A4, (v) is the spectrum of the nth component (with
allowance for the relaxation factor).

The transformation E(g,v)= S(D,v) is based on step-
wise analysis of the diffusion decays obtained at each
frequency point (or for a small number of successively
arranged frequency points called a frequency channel).
Then, depending on the properties of the system, one can
choose a particular algorithm of this transformation.

1. The Levenberg — Marquardt method

If all signals along the chemical shift axis are resolved and
the system is characterized by a discrete set of SDC values,
the diffusion decays obtained for each frequency channel
can be approximated with ease by the function (1) using a
conventional Levenberg—Marquardt statistical method¥
(least squares method).!38 15° This requires knowledge of
the starting SDC values that are optimized in the course of
approximations. The main advantages of this method are its
unambiguous character and simplicity.

In the absence of spectral overlap, it is sufficient to use
the algorithm described above. However, this is a rare case
for real systems and eventually, the method becomes ineffi-
cient.?? This gave an impetus to the development of some
techniques of different complexity, which to one extent or
another allow one to solve the problems concerned with the
overlap of individual spectral lines.

2. The DISCRETE method

The DISCRETE (Discrete Sum of Exponential Decays)
method 25-160: 161 provides an alternative to the Leven-
berg—Marquardt method. It does not require the set of
starting SDC values; this is convenient when there is little
information on the system. At the same time, a drawback of
this approach consists in that the SDC values obtained for a
number of frequency points within the same signal of a
particular compound often significantly differ from one
another.

3. The SPLMOD method

The SPLMOD (Spline Model) method 162-163 represents a
logical development of the DISCRETE approach. It also
does not require the set of starting SDC values; however, in
operation with several frequency channels within a single
line all channels are analyzed simultaneously. The solution
is admittedly found within the standard deviation near the
SDC value to be determined. The input data for the
SPLMOD algorithm should be pre-treated in some way,?®
which in some cases is difficult to do.

4. The CONTIN method

Polymers or vesicles often exhibit continuous molecular
mass distributions and, therefore, continuous SDC distri-
butions. This requires modification of expression (3):

]

E(gv) = J a(D,v)exp {*Dn“/zgzéz (A — g)}dD,
0

where a (D,v) is the one-dimensional spectrum of the system
at a specified SDC value.

4 The Levenberg —Marquardt method is usually basic to most software
packages for processing of DOSY NMR spectra.

The CONTIN (Continuous Distributions of Exponen-
tials) method 164-166 yses the constrained regularization
algorithm for correct transformation E(g,v)= S(D,v).
This algorithm can lead to physically incorrect solutions
(negative SDC). However, if the boundary conditions are
specified appropriately, the algorithm allows the SDC to be
determined with a reasonable accuracy. A feature of the
CONTIN method is that the peaks along the SDC axis are
smoothed and therefore broadened even for monodisperse
samples. However, taking into account the fact that usually
in studies of most polydisperse systems the contributions of
monodisperse components can be determined with ease, this
feature is not a serious drawback.!6”

5. The MaxEnt method

The MaxEnt (Maximum Entropy) method %1% is based
on the idea of determination of the ‘most probable’ SDC
spectrum S (D,v) by maximization of the entropy of the
spectral distribution under particular boundary conditions.
In some cases, this approach gives more accurate results
than all other techniques.'® It does not require a complex
adjustment or pretreatment of data.

6. The DECRA method

In the previous Sections, we considered the methods involv-
ing simultaneous analysis of only one or a few frequency
channels using a part of available spectral information.
Starting with the DECRA (Direct Exponential Curve Res-
olution Algorithm) method,'’®~172 a number of algorithms
were elaborated, which are based on simultaneous analysis
of all frequency channels. Eventually, this allowed the
problem of spectral overlap to be solved. The DECRA
approach ™ does not require a priori information on the
sample and allows one to obtain undistorted spectra of
system’s components with different SDC.172-173

7. The MCR and CORE methods

The MCR (Multivariate Curve Resolution) method 74 is an
alernative to the DECRA method and generally gives the
same quality results. The CORE (Component Resolved
NMR) method 74175 is a general two-level least squares
algorithm, which allows one to perform the transformation
E(g,v)= S(D,v) using a pre-selected model. The method
does not require the set of starting SDC values.

Summing up, it should be noted that none of many
available methods for the determination of SDC values
from the results of the Stejskal—Tanner experiments can
be considered ‘universal’, i.e., suitable for all systems. Each
method has its own advantages and limitations.!”’® Even-
tually, the method should be chosen based on the expected
properties of the system under study. Probably, a sequential
analysis of experimental data by several methods will be
appropriate to obtain comprehensive and correct informa-
tion on the system.

IV. Quantitative interpretation of self-diffusion
coefficients

Up to this point, the emphasis was placed on how to
correctly (i.e., with minimum errors) measure the SDC.
However, a correct interpretation of experimental parame-
ters is at least equally important because, in spite of

+The distinctive features of the DECRA method are as follows: the
number of points in the diffusion decay should be even and the PFG
amplitude should increase as a quadratic function.!72 173
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apparent evidence of correlation between the SDC and
geometric parameters, there are some aspects which cannot
be ignored; otherwise, senseless conclusions can be drawn.

In principle, the interpretation can conditionally be
divided into quantitative and qualitative analysis.

Often, SDC measurements mean evaluation of the
mobility of the whole molecular species. For instance, if
one should answer the question whether does complexation
occur in a host—guest system, sometimes it is sufficient to
analyze the changes in the SDC of the guest molecules
(small molecules characterized by a high SDC) upon addi-
tion of host molecules (large molecules characterized by a
low SDC) to the solution. If the SDC of the guest molecules
decreases and becomes close to that of the host molecules,
these types of molecules are bound and eventually move in
solution as a single unit. In other words, a strong intermo-
lecular complex is formed in the system.

If one should know the stoichiometry of the complex,
the complexation constant, etc., a simple evaluation of SDC
is insufficient. In this case, analysis of absolute values is
required. An intuitively understandable correlation between
the SDC and the spatial dimensions of the species under
study makes the idea of exact estimation of physical
parameters (size, mass) of the species from its SDC attrac-
tive. This makes it possible to assess the structure, packing,
etc. This information became very important recently, when
there has been a trend in chemistry of supramolecular
systems towards the design of nanoscale molecular ensem-
bles with predetermined properties following the ‘bot-
tom—up’ approach (an ensemble with a specified structure
is assembled from elementary molecular fragments).

At the same time, even if all instrumental sources of
errors are eliminated or at least correctly included and the
SDC values were corrected, calculations of physical param-
eters of the system under study from its SDC value is a
nontrivial task.

1. Correlation between the self-diffusion coefficients and
properties of molecular systems

If the SDC of molecules in solutions are evaluated in the
approximation of diffusion of a solid spherical particle in
isotropic continuous medium, the Stokes— Einstein equa-
tion is used most often

p-tT_ . “4)
6TU’]Rh

where k is the Boltzmann constant (J K1), T is absolute

temperature (K), 7 is the viscosity of the solution (N s m—?2)

and Ry is the hydrodynamic radius (m).

The Ry value includes the radius of the diffusing particle
and the thickness of the solvation shell. In studies of self-
diffusion of non-spherical particles the parameter Ry is
usually interpreted as the average hydrodynamic radius of
a solid sphere with the same SDC in the specified solution as
the system under study, all other things considered.

At first glance, a correlation between the measured SDC
value and the size of the molecular species follows from
Eqn (4). To some extent, clearness of this correlation gave
an impetus to the development of methods for correct
determination of the SDC. Moreover, the simplicity of
Eqn (4) is the main reason for a wide use of this relation
for evaluation of the size of the system.!77- 172 At the same
time, one should remember the approximation in which
Eqn (4) was derived. Most real molecular systems do not

have a spherical shape and real solutions are far from being
ideal isotropic media.t Clearly, a direct formal application
of Eqn (4) for quantitative evaluation may lead to erro-
neous conclusions. 80

One can overcome the difficulties mentioned above
using two fundamentally different approaches. One of
them is based on an improved Stokes— Einstein model,
which makes it possible to allow, to some extent, for the
difference between the real and an ideal system. The second
approach implies an empirical calibration of the
‘SDC —parameter’ correlation for related systems and sub-
sequent extrapolation of this dependence to the SDC of the
system under study in order to estimate the desired param-
eter. Now we will consider these approaches in more detail.

2. Modification of the Stokes — Einstein equation to describe
real systems
From analysis of the prerequisites underlying the Stokes—
Einstein model it follows that the smaller the system under
study (hydrodynamic radius of the system becomes compa-
rable with the radius of solvent molecules) and/or the
greater the deviation of its shape from a sphere (prolate/
oblate ellipsoid, long molecular chain) the greater the errors
in the size determination using the Stokes— Einstein equa-
tion.

A nonideal shape and size of a real molecule can be
accounted for by modifying Eqn (4) as follows:!8!

b kT
C(rslth) X f;(av b)TmRh ’

®)

where ¢ (rg, Rn) is the coefficient which includes the relative
size of the molecules under study (Rn) and the solvent
molecules (rg); and f (a,b) is the factor which includes the
deviation of the shape of the species under study from the
spherical shape.

In the Stokes approximation (Ry >> ry), the denomina-
tor in the right part of Eqn (4) includes a constant equal
to 6. Based on the microfriction theory, it was shown 82
that this coefficient decreases as Ry decreases; generally, it
depends on the rg/ Ry ratio

3r Iy -

sl s
1+

2Ry, * ( + Rh>

More recently, this expression was refined using the
results of semiempirical studies '83

ry 223471
1 . = .
+ 0.695 <Rh > :|

An analysis of these relationships showed that the
Stokes—Einstein equation can be used in the classical
form (4) only if the radius of the molecules under study is
at least five times larger than that of the solvent molecules.
For instance, for average-size molecules (radius from
0.3x 102 to 0.6 x 10—° m) the correction value may vary
from 4 to 6. Therefore, the geometric parameters of most

-1

c(rg,Ry) = 6

c(rg,Ry) =6

1 An ‘ideal’ character of the medium, in particular, implies that experi-
ments are carried out at infinite dilution where the interaction between
diffusing species is negligible. This condition is often not met in conven-
tional experiments at finite concentrations.
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organic and inorganic molecules estimated using Eqn (4)
will include a noticeable error.

The form-factor f(a,b) [see Eqn (5)] of a prolate ellip-
soid (cigar-shaped molecules) is given by 184,185

RIS

where a and b are the characteristic dimensions of the
ellipse.

The form-factor of an oblate ellipsoid (disk-shaped
molecules) is given by

() [0 o 0]

An analysis of the last two expressions showed that if
a/b >3, the error in the results obtained using Eqn (4) will
be more than 10%. Also, it is quite probable that the
product ¢ (rs1, Rn) % fs(a,b) in Eqn (5) will be equal to 6,
i.e., Eqn (4) will formally be valid.

Thus, for most practically used molecular species in
solutions, Eqn (4) should probably be used with care and
only as a first approximation.!'®® A more correct analysis
requires more complex models that take account of the
shape and relative size of the molecule of the compound
under study. For instance, in a study of association of
planar molecules using this approach it was shown '8! that
the shape of dimers is well described by the prolate ellipsoid
model (see above). At the same time, the approximations by
an oblate ellipsoid and by a sphere led to incorrect results,
which made it possible to exclude stacking association.

In spite of clarity of the corrections considered above,
this approach is of limited use because the shape of an
arbitrary molecular species in solution is very hard to
predict. Also, the characteristic Ry, value for this species is
hard to estimate. As a result, analysis of the measured SDC
values requires a number of admissions, which may appear
to be sources of errors.

fo="

3. Empirical calibration of the SDC/parameter ratio

Thus, the shape of a real molecular species in solution can
be very complex and its approximation by a sphere or an
ellipsoid may appear to be erroneous. Moreover, it is the
volume and mass rather than the characteristic linear
dimensions of the system that are often important. An
alternative to the quantitative evaluation method described
above is based on the search for empirical correlations
between particular molecular parameters and the SDC. At
first glance, self-diffusion appeared in the Stokes— Einstein
model is not related to the mass of the particle; however, a
comparison of same-type species showed that in most cases
an increase in their hydrodynamic radii (due to an increase
in the number of atoms in the molecules) is accompanied by
a simultaneous increase in their masses. For polymers, this

conclusion is well described by the Flory scaling rela-
tion 84. 187189

R~ M°,

where R is the linear size of the molecule, M is the molecular
mass and ¢ is the Flory constant.

This expression has a rigorous substantiation within the
framework of the fractal theory.'®” Yet another relation
valid for such systems has the form

R~ M2, (6)

where o is the parameter which depends on the shape of the
species under study.

Thus, having performed measurements for a class of
same-type molecular species characterized by similar shapes
and character of interactions with solvent molecules and
having known masses at specified concentrations, one can
derive an empirically parameterized equation relating the
SDC of a system to its mass or, e.g., volume. Then, the mass
(volume) of a species belonging to the same class can be
evaluated from its SDC value with a reasonable accuracy.

This empirical approach proved itself in studies of
polymeric  systems, e.g., proteins,!?0-191-193  poly-
mers 188189194 and polysaccharides.!?3-19¢ It was also suc-
cessfully used for the determination of the structure of cage
compounds >3 and the supramolecular structure of cyclo-
dextrin inclusion complexes,!®” noncovalently bound asso-
ciates of cyanuric acid and melamine derivatives,!°® a
pyrimidine-containing macrocycle °3 and polyoxometallate
clusters.19?

However, it should be noted that the search for an
appropriate series of structural analogues of a compound
under study is often a complicated task. At the same time, if
two similar structures are under identical experimental
conditions (ideally, within the same sample), from Eqn (6)
it follows that the correlation between the molecular masses
M, M> and the corresponding diffusion coefficients D; and
D> of these structures is given by

D, (MY
o= (52) 0

where Dy, M and D,, M, are the SDC and mass of the first
and second structure, respectively.

In fact, this interpretation means that the mass (M>) of
the compound under study can be evaluated from its SDC
(D) and the parameters D; and M. In one or another form,
this idea was used by many researchers who used as
references both molecular analogues of the compound
under study with the known molecular mass,>% 193-196 the
solvent molecules,290-201 and the chemical shift references.®?

For instance, studies of highly symmetrical systems
often require evaluation of the number of elementary
magnetically equivalent (in terms of NMR spectroscopy)
fragments in the macrocycle (Fig. 9).5° Having calibrated
the dependence of the SDC on the size (or mass) for a series
of structurally similar systems and extrapolated it to the
SDC of the compound under study, one can unambiguously
determine the structures of such symmetrical systems.>>

At the same time, it is clear that an arbitrarily chosen
compound cannot be used as a reference for calibration of
the dependence (7) because the characters of self-diffusion
of the molecules of such compounds and the compound
under study should be similar.

A method for the determination of the molecular mass
using an internal reference was considered in detail.?% It
was shown that the compound to be used as the internal
reference should meet the following conditions:
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Figure 9. The structure of the repeating unit (a) and possible structures of the macrocycle (b).

— it should not react and form noncovalent bonds with
the compound under study;

— it should be well soluble in the solvent chosen;

— it should have a narrow mass distribution;

— it should have a rather low melting point if one
assumes low-temperature experiments;

— its signals in the NMR spectrum should not overlap
with the lines of the compound under study; and

— the character of the interaction with the solvent
should be the same as that of compound under study.

These requirements are met by hydrocarbons.?%% Correct
estimates of the molecular mass can be obtained using
1-tetradecane, cyclooctane and benzene molecules as refer-
ences. Having thoroughly considered a number of conven-
tional solvents for NMR spectroscopy (toluene,
cyclohexane, dichloromethane and chloroform), it was con-
cluded 292 that the addition of the compound under study
and three references mentioned above to the solution makes
it possible to extend the dependence (6) for these references
to the compound under study. Each reference compound
can be used individually [see Eqn (7)]. For instance, this
approach allowed one to determine the composition of
asphaltenes and to assess the size of the constituent mole-
cules.?®

Thus, to modify the Stokes— Einstein equation, the
physical parameters (size, mass, volume) of a molecular
species in question can be estimated using the equations for
c(rs1, Rn) and f¢(a,b) provided that its shape is a priori
known. Otherwise, the only way is to construct an empirical
dependence (6) for a series of structurally similar com-
pounds including the system in question. If a compound
with well-defined parameters (a mass reference or a volume
reference) can be added to the sample, the molecular size
(mass) of the compound under study can be estimated by
simply comparing its SDC with the SDC of this reference
compound.

4. Measurements of self-diffusion coefficients in systems with
chemical exchange

Yet another source of errors in the interpretation of the
measured SDC values appears if the system under study has
more than one state corresponding to energy minima on the
potential energy surface (e.g., different conformations or
associates) and a chemical exchange occurs between these
states. The effects of chemical exchange on the chemical
shift and SDC values have been well documented.?03-216

Nevertheless, we will briefly outline some aspects of this
problem because of its practical importance and an ambi-
guity due to use of two characteristic time scales in NMR
spectroscopy (the chemical shift scale and the SDC scale).

Chemical exchange is a Markovian stochastic process
involving transitions of a spin or a group of spins between
several states. It is characterized by the rate of chemical
exchange. Exchange is called slow on the chemical shift
scale if the NMR spectra exhibit resonance signals of
different individual spin states (e.g., two conformers). In
the case of fast exchange, the spectrum observed is averaged
over both states.

The situation on the SDC time scale is different. First,
different states of the molecular system are characterized by
different geometric parameters. Second, in this case, there is
no exchange broadening of spectral lines.?%> Third, the SDC
time scale differs from the chemical shift time scale and
depends on the experimentally measured diffusion time
(parameter 4, see Fig. 1).295.206 Let us give some examples.
Generally, a DOSY NMR spectrum can correspond to one
of four key regimes of chemical exchange with respect to the
rate of the process (Table 2); a wealth of intermediate cases
will be left out of consideration. For simplicity, we assume
that chemical exchange occurs between two states 4 and B
only.

Table 2. Chemical exchange regimes on the time scales of chemical
shifts and SDC in DOSY NMR spectroscopy.

Regime Rate of chemical exchange
on the chemical shift scale on the SDC scale
1 slow slow
2 fast "
3 slow fast
4 fast "

From the standpoint of interpretation, the chemical
exchange regime 1 is the simplest. In this case, each set of
signals corresponding to different states is characterized by
its own SDC value.40-41-63 Moreover, one can make an
‘express’ estimation of the thermodynamic parameters of
chemical exchange. For instance, in the case of formation of
pseudocapsules*® under conditions of the chemical
exchange regime 1, the SDC of free guest molecules
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(state A) appeared to be higher than that of the encapsu-
lated guest molecules (state B); this is an additional con-
firmation of the formation of a molecular ensemble. The
relative concentration of the guest molecules in the free and
bound states were determined by simply integrating the
signals in the diffusion spectrum. Then, the equilibrium
constant of encapsulation was calculated.!®20-40 It should
be noted that in this case the integration of the lines in the
conventional NMR spectrum would lead to the same
results.

The chemical exchange regime 2 is more complicated. In
a corresponding system, the states 4 and B are character-
ized by one averaged chemical shift value and different SDC
values.S An example is provided by the chemical exchange
of the free and intracellular water molecules.®” In this case,
the thermodynamic parameters cannot be analyzed using
the conventional NMR spectrum because of the equal
chemical shift values. The only way to determine these
thermodynamic parameters is to analyze the DOSY NMR
spectrum and to observe individual components.

In the chemical exchange regime 3, the system under
study is characterized by different chemical shifts of the
states 4 and B and by a single SDC value (D¢xp) determined
from the relation 28 203

Dexp = paD4s+psDp, (8)

where p4 and pp are the probabilities for the system to be in
the states 4 and B, respectively; and D4 and Dp are the SDC
of the system in the states 4 and B, respectively.

This situation occurs in, e.g., systems where proton
exchange between NH groups and free water molecules is
possible.?11-213-215 [ this case, signals of the NH protons
of the molecule under study are observed in the expected
low-field region of the ' H NMR spectrum, while the pro-
tons that participated in exchange with water molecules
contribute to the signal of H>O and this contribution cannot
be separated. As a result, in the DOSY NMR spectrum the
SDC value determined for the lines corresponding to the
NH protons differs from the SDC determined for the lines
of other protons in the molecule, which are not involved in
chemical exchange.?!!-213-215 A distinctive feature of such
systems is that variation of the A value specified in the
course of experiments leads to observation of the DOSY
spectra in which the regime of chemical exchange on the
SDC time scale changes from fast to intermediate and then
to slow.?!3 The SDC value measured for the line of NH
protons gradually increases from the value characteristic of
the molecule under study to the value characteristic of free
water. This allows the rate constant for chemical exchange
to be determined.?!3.214

The examples considered above show that in some cases
in the interpretation of the DOSY NMR spectra of systems
with chemical exchange, not all nuclei in the molecule under
study are characterized by the same SDC value. Neglect of
this feature will lead to errors in quantification based on
analysis of the SDC observed.

§ It is assumed that exchange on the SDC time scale is so slow and the
difference between the self-diffusion coefficients is such that mathematical
processing of the diffusion decays allows the SDC values of different
molecular species to be separated with certainty.
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The chemical exchange regime 4 (see Table 2) is the most
difficult case. Here, one set of signals is observed on both
(SDC and chemical shift) axes. This most often occurs in,
e.g., most host—guest systems.’’~62197 In particular, a
study 37 of a mixture of calix[4]resorcinarene (1) (host) and
naphthalene-1,5-diamine (2) (guest) showed that the SDC of
compound 2 is higher (0.43 x 10~ m? s~ ') than that of
compound 1 (0.20x 102 m? s~ !, Fig. 10a) but smaller

than that of individual solution of compound 2
a
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Figure 10. DOSY NMR spectra of systems 1+2 (a) and 2 (b)
("H NMR, 600 MHz, 298 K, in D,O solution).
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(0.72x 10— m2 s~ !, Fig. 10 4). In this case, the SDC of the
guest molecules is weighted over the free (4) and bound (B)
states involved in fast (on the SDC scale) chemical exchange
[see Eqn (8)]. From this one can estimate p4 and pp using
the known SDC values for both states of compound 2 and
thus determine the complexation constants.!?-20,57.217

By definition, the complexation constant in the case of
formation of a 1:1 complex is given by

[HG]
HIG]" )
where [HG], [H] and [G] are the equilibrium concentrations
of the host—guest complex, free host and free guest mole-
cules, respectively, in solution.

Having denoted the initial concentrations of the host
and guest molecules in solution [H]o and [G]o, respectively,
one gets

[H], = [H] + [HG],
[Gl, = [G] + [HG,

and the populations of the bound and free states are given
by

_ [HG]
Pp = [G}o >
_¢6
Pa = [G}o s

respectively. Eventually, expression (9) can be re-written as
follows:

PB (10)

K=, = sl (=)

Therefore, to determine K, it is sufficient to calculate the
population of the bound state. In our case (chemical
exchange regime 4), taking account of Eqn (8) gives

DA _ Dexp

"Dy v

PB

where D4 and Dp are the SDC of free guest molecules and
complexes, respectively.

Usually, the host molecules are much larger than the
guest ones. Therefore, the SDC of a host—guest complex
(Dp) can to a good accuracy be considered equal to the host
SDC." Then, the K value can be determined with ease by
combining Eqns (10) and (11).

Emphasize that this algorithm allows one to calculate
the constant K from the results of a single DOSY experi-
ment in contrast to traditional NMR experiments based on
analysis of the dependence of the chemical shifts of the guest
signals upon consecutive increase in the host concentra-
tion.19-20.218

For instance, the 'H chemical shifts in the formation of
host—guest complexes in the systems based on
MeN*tH;Cl— (3, guest) and crown ether (4) or cryp-
tand (5)2!° vary only slightly and cannot be used at all for

4 It should be kept in mind that this approximation does not always ‘work’
(Ref. 217) and the determination of Dp may require additional experi-
ments.

calculating the complexation constants. However, the
approach described above did allow researchers to estimate
the complexation constants for the systems 3+4 and 3+5
and to show that the degree of binding of guest molecules to
both hosts in CD3OD solutions is 2—3 orders of magnitude
higher than in water.

/ N\
SRR
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\_/ 5

Thus, exchange processes in the system can lead to
deviation of the observed SDC from their actual values.
Identification of the chemical exchange regimes 1-3 (see
Table 2) is relatively simple (owing to the presence of at
least one slow process on the NMR time scale). For the
regime 4, there are no simple clues and the interpretation
may be more complicated and require additional NMR
experiments. Therefore, interpretation of the results
obtained in the experiments involving SDC measurements
should be performed carefully. At the same time, if the
occurrence of chemical exchange is established with cer-

tainty, one can estimate the energy characteristics of the
system.19-20.30.217-219

V. Conclusion

The material reported in this review illustrates a consider-
able progress in the DOSY NMR studies of chemical
ensembles, especially supramolecular systems. Improvement
of both SDC measurement techniques and methods of
interpretation of experimental data and, therefore, the
reliability of conclusions is noteworthy. Estimation of
diffusion parameters using all advantages of high-resolution
NMR spectroscopy opens a unique possibility to determine
the size of molecular systems in solutions. In the case of
multicomponent ensembles, this allows one to assess their
state, character of intermolecular interactions, stability, etc.

At the same time, in spite of a rather wide (especially,
recent) use of diffusion-ordered NMR spectroscopy, there
are still many underlying potential problems of known
nature. However, the available equipment is inappropriate
to overcome them. This should necessarily be taken into
account in the analysis of experimental results, especially
with performing their numerical interpretation, in order to
avoid erroneous conclusions.

Summing up, note that diffusion-ordered NMR spectro-
scopy is not a universal tool of studies on supramolecular
systems. It does not replace traditional NMR methods
based on analysis of the Overhauser effect and chemical
shifts, which in some cases provide complementary infor-
mation. Therefore, a joint analysis of the diffusion, relaxa-
tion and NMR spectral parameters could be useful for
passage from estimation of empirical parameters of the
molecular system (size) to characterization of more subtle
features (shape and mutual orientation of components in
the system). Interplay different NMR techniques will prob-
ably allow one to determine novel subtle structural charac-
teristics of complex supramolecular (multicomponent)
systems in liquids.
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