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Improving the Interpretation of Small Molecule Diffusion
Coefficients
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7ET, UK.

b. School of Chemistry, University of Manchester, Manchester M13 9PL, UK.

Diffusion-ordered NMR spectroscopy (DOSY) is increasingly widely used for the analysis of mixtures by NMR spectroscopy, dis-
persing the signals of different species according to their diffusion coefficients. DOSY is used primarily to distinguish between the
signals of different species, with the interpretation of the diffusion coefficients observed usually being purely qualitative, for exam-
ple to deduce whether one species is bigger or smaller than another. In principle the actual values of diffusion coefficient obtained
carry important information about the sizes of different species and on interactions between species, but the relationship between
diffusion coefficient and molecular mass is in general a very complex one. Here a recently-proposed analytical relationship between
diffusion coefficient and molecular mass for the restricted case of small organic molecules is tested against a wide range of data

from the scientific literature, and generalised to cover a range of solvents and temperatures.

Molecular self-diffusion in a liquid originates from the ran-
dom, thermal motion of the molecules present. Chemical in-
formation, such as the molecular mass of an unknown species,
its aggregation, or its association with other species, can in
principle be obtained from measurements of diffusion coeffi-
cients. However in diffusion-ordered NMR spectroscopy
(DOSY), an analytical tool that disperses NMR signals ac-
cording to diffusion coefficient, such data are normally only
interpreted qualitatively. Quantitative interpretation of such
spectra in terms of the sizes of species gives insight into mo-
lecular weights and association, including the formation of
dimers, trimers, and higher oligomers. However, while there is
arough inverse correlation between molecular mass and the
speed at which a species moves through solution, the wide
range of possible molecular shapes, mobilities and solute-
solvent interactions, and some fundamental problems with
theories of diffusion, make quantitative interpretation difficult.

One way forward is to use more or less empirical correlations
to determine relationships between diffusion coefficient and
molecular mass for chemically cognate systems, for example
homologous series in a particular solvent. This has been very
successful, particularly in organometallic chemistry where
diffusion NMR has been used to identify organolithium reac-
tive intermediates' and alkali metal cyclopentadienides”, but is
of little use when dealing with the analysis of a mixture of
unknown species. The complementary approach that is exam-
ined here is to try to find a less accurate but much more gen-
eral relationship that can be used without prior knowledge of
the chemistry involved. If the range of chemical space to be
spanned is limited to small to medium-sized organic molecules
(< ca. 1 kDa), much of the uncertainty introduced by molecu-
lar flexibility and composition is avoided. It has been shown’
that, given these limitations, it becomes possible to derive a
general correlation between molecular mass and diffusion
coefficient that works over a wide range of chemistry and in

multiple solvents. The method is restricted to dilute solutions
(or pure solvents), because of the uncertainties introduced by
obstruction effects. Here we test that method, which was orig-
inally based on a set of 109 different combinations of 44 dif-
ferent solutes in 5 different deuteriated solvents, against a
wide range of diffusion measurements drawn from the chemi-
cal literature, extend it to provide diffusion-molecular mass
relationships for a range of temperatures, and provide software
tools in Excel and Matlab for estimating diffusion coefficients
from molecular masses and vice versa.

Any discussion of the relationship between diffusion and mo-
lecular size starts with the Stokes-Einstein equation4 (Eqn. 1).
This equation assumes that the solute acts as a hard sphere
with hydrodynamic radius, 7y, moving randomly through a
continuum solution in response to random buffeting from the
species around it. The thermal driving force at a temperature
T, ksT, is balanced by the frictional force 6fmnry that acts on a
solute particle of effective radius 7y moving through a fluid
with viscosity #, giving the relationship

kT
" enfnry

(M

where the shape correction factor f'is equal to 1 for a spherical
particle. While the Stokes-Einstein equation is simple and can
give good estimates for the diffusion coefficients of large spe-
cies, it is not a good guide to small molecule diffusion. There
are systematic failures in the model as real molecules are not
hard spheres and no solution is a continuum. As a result, at-
tempts to predict diffusion coefficients using the Stokes-
Einstein equation, with hydrodynamic radii estimated from
densities, tend to severely underestimate the diffusion coeffi-
cients of molecules smaller than ca. 1 kDa’.
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There are clear systematic trends in the ways in which the
Stokes-Einstein equation fails in dilute solution. Four main
reasons for its failure can be identified: the continuum approx-
imation fails, as real solvents are made of discrete molecules
that are not negligibly small compared to solutes; molecules
are not spherical, and can adopt a wide range of possible ge-
ometries; molecules are not static, and have widely differing
ranges of conformational freedom; and molecules can interact,
and bind, with the solvent itself. A further obstacle to estab-
lishing a relationship between diffusion coefficient and mo-
lecular mass is that species containing heavy atoms will on
balance be denser, and hence show smaller hydrodynamic
radii, than those containing only light atoms. Any attempt to
generate an accurate universal law would need to take all of
these complications into account and is likely to be doomed to
failure: molecules are simply too varied.

However, analytical theories do exist that can successfully
account for some of the sources of failure. First of all, mole-
cules are not spheres. Perrin’ analysed the effects of molecular
shape, considering molecules as ellipsoids, and analytical
equations do exist for the effect of increasing aspect ratios in
ellipsoidal shapes. For molecules that are not long thin rods or
wide thin disks, the effects are typically much less than 10 %
and can often be safely ignored.

More significantly, a liquid is not a continuum fluid. It con-
sists of small molecules moving randomly, tumbling as they
collide with other molecules in the liquid. The effect of non-
negligible solvent particle size is to change the friction term
acting on the solute molecules. This can be represented as a
change in the correction factor f, and was modelled by Gierer
and Wirtz® as Eqn. 2.a

fow = (37“4‘ - )_1 (2.2)

where « is the ratio of the radius of the solute to that of the
solvent. Chen and Chen’ adapted this, using an empirical ex-
pression (Eqn. 2.b) fitted to experimental data.

fenen = (1 +0.695%23%) 71 (2.b)

This approach is effectively a hybrid between the Gierer and
Wirtz model (Eqn. 2.a) and power-law fitting, using two pa-
rameters. Using a test set of crown ethers in methanol, a nearly
homologous series of structurally very similar molecules, it
gave good results. The choice of crown ethers, which are high-
ly flexible and hence are expected to show inflated hydrody-
namic radii®, was perhaps an unfortunate one, and their at-
tempts to extend the study to crown ethers and alkanes in eth-
anol and butan-1-ol found the model lacking.

The general approach of using empirically-obtained power
laws has found wide use in the study of macromolecules, in
particular of polymers’ and peptides'’. The diffusion coeffi-
cient or, often, the relative diffusivity (the measured diffusion
coefficient normalised by an internal reference) can be ex-
pressed in terms of the mass of the species, M, raised to some
empirical power, a, as in Equation 3.

DxM™“ 3)

This use of a power law is reminiscent of the Flory equation8
where the radius of gyration of a polymer, R,, is related to its
mass through a parameter, J, known as the Flory exponent or
the inverse of the fractal dimension, dg, of the molecular chain.

This gives two potential general methods for the estimation of
small molecule diffusion coefficients. One is specific, produc-
ing power-law relationships for homologous series of similar
species. This is well-established for polymers,”' ™",
proteins,'®'""* and large macrocycles,'® although a two-
parameter fit is required for each structurally distinct polymer
type in each different solvent. While there have been attempts
to link the exponent in Eqn. 3 to the fractal dimension con-
tained within the Flory equation, these have not always proved
successful. For spherical species, the fractal dimension is 3
and a =1/3. In one of the first attempts to relate diffusion coef-
ficients to molecular size, Polson'” found that this cube root
relationship held for some large species, but was much less
useful for smaller molecules.

With the use of internal and external references, methods
based on power-law relationships have also found application
in small molecules, for example in the work of Williard and
Li'" on the characterisation of organolithium compounds. Dif-
fusion measurements of unknown organolithium compounds
were acquired in the presence of a number of internal refer-
ences. An internal calibration curve based on diffusion meas-
urements of reference compounds within the sample is then
produced for each experiment. The method was subsequently
extended to include “H, °Li and >'P DOSY experiments.'**'
The internal references used in these studies were chosen for a
number of properties including inertness and high solubility,
and their chemical shifts were typically far from those of the
lithium-containing species studied. These compounds spanned
a range of different chemical functionalities including, but not
limited to, aromatic compounds, olefins and TMS. It is not
always possible to find suitable internal reference materials, so
a similar approach used an external calibration curve to ration-
alise relative diffusion coefficients D/D,..>> The effect of
shape was considered, with different calibration curves used
for three distinct classes of shapes: spheres, “dissipated
spheres®, and ellipsoids and discs. This method has now been
extended to a range of common NMR solvents (DMSO-dj,
C¢Dy», C¢Dg, CDCl,, and CD,Cl,).” Shape-specific calibration
curves have been shown to be very accurate for chemically
cognate species; a degree of generality can be introduced, at
the expense of accuracy, with the use of ‘merged’ calibration
curves.

The approach investigated here is both more general, and nec-
essarily more approximate. Starting again with the Stokes-
Einstein equation, the largest source of error that can be treat-
ed analytically is the breakdown in the continuum model.
Here, the Gierer-Wirtz equation for the correction factor f°
(Eqn. 2.a) is used. This leaves the effects of shape, flexibility,
solvation and composition, none of which can be treated ana-
lytically without prior chemical knowledge. A model is there-
fore sought that approximates species as hard spheres, with an
average effective density p.s that is a variable parameter, that
obey the Gierer-Wirtz modification of the Stokes-Einstein law.
Restricting the scope of the approach to small to medium-
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sized (up to ca. 1 kDa) organic molecules with no heavy atoms
limits the impact of composition (excluding atoms heavier
than chlorine, putting an upper limit on the effective density)
and of flexibility (excluding flexible high polymers, which can
adopt extended conformations with inflated hydrodynamic
radii®). The residual effects of flexibility, and the effects of
shape and of solvation, all tend to increase hydrodynamic ra-
dius, and hence to decrease effective density; different compo-
sitions can increase or decrease the density, but only to a lim-
ited extent. The Gierer-Wirtz equation requires knowledge of
the ratio of the solute and the solvent radius, but since the so-
lute radius is being estimated using the hard sphere approxi-
mation with an effective density, it is reasonable to apply the
same logic to estimating the solvent radius. (Of course the
same limitations then apply to the solvent as to the solute —
systematic bias will result if the solvent is, for example, a flex-
ible high polymer). This then yields the expression in Eqn. 4,
which links the diffusion coefficient for a given temperature
and solvent viscosity to the solute and solvent molecular
masses MW and MWs, through a single adjustable parameter,
the effective density pes.

_kBT(37a+ 1-|1-a)

D=
6 3| 3MW
T]\J475peffNA
_Ts_ 3’%
=77 Jww “)

The problem of deriving a usable relationship between molec-
ular mass and diffusion coefficient then reduces to that of find-
ing an optimum value for the effective density p.g Using a set
of experimental diffusion coefficients, D, all measured at 25
°C, for 109 combinations of 44 solutes and 5 common sol-
vents, gave an effective density of 619 kg m~.> As expected,
this is much smaller than the typical densities of solid or liquid
organic materials, because of the effects (in roughly decreas-
ing order of importance) of solvation, flexibility and shape.
The root-mean-square difference between estimated and ex-
perimental diffusion coefficients for the set of measurements
was 14.6 %. The model has subsequently found widespread
use, in a range of different areas™"

Here the Stokes-Einstein Gierer-Wirtz Estimation (SEGWE)
method is tested against a range of measurements on dilute
systems drawn from the literature that span a much wider
chemical space than the original data set (formally, the train-
ing set), increasing the range of compound masses up to ca.
1.5 kDa, removing the temperature restriction of 25 °C, and
widening the range of solvents covered. The motivation for
deriving Eqn. 4 was to facilitate the quantitative interpretation
of results obtained with diffusion-ordered NMR spectroscopy
(DOSY),”"**, but diffusion coefficients can of course be de-
termined using a variety techniques, for example tracer meas-
urements” " and chronoamperometry.”*® The diffusion data
studied here are not limited to those measured by NMR in
deuteriated solvents, but include a range of protiated liquids,
widening the range of applicability of SEGWE. The estima-

tion method has been implemented as an Excel spreadsheet
and as a Matlab package, as detailed in SI.1; both are available
for free download from
http://nmr.chemistry.manchester.ac.uk/ and also at
doi:10.17632/cxt99xf2d2.2.

METHOD

Diffusion Coefficients. In order to test SEGWE against a
wider range of samples, containing different solvents and so-
lutes, a comprehensive review of literature for a wide range of
diffusion coefficients from a wide range of sources was under-
taken. In addition to the original data set in the paper detailing
the method,’ a further 23 papers have been used,'*'®*""
22326283731 4 create a literature data set containing a further
558 measurements of diffusion coefficients of various species
in various solvents, spanning a range of molecular weights
from 18 to 1273 g mol " in 23 different solvents, both deuteri-
ated and protiated. The single biggest source of additional data
is that of Crutchfield and Harris’’, with 200 diffusion coeffi-
cients in two solvents at two different temperatures. A further
five papers*"*****"** contained variable temperature data, con-
tributing 86 measurements between them. The rest of data
were acquired at 25 °C. While most of the diffusion data were
acquired using NMR techniques, data acquired where tracer
diffusion methods were used as a calibrating standard in two
references,”’* while a third reference’’ used an electrochemi-
cal method.

Not all possible sources of diffusion data were used in this
study. A set of five criteria were used to determine whether
literature diffusion coefficients were to be used in this study.

Scope. Solutes with molecular weights greater than 1.5 kDa
were not used. Likewise, long flexible polymeric species,
which tend to adopt extended conformations with inflated
hydrodynamic radii, were excluded from the literature data set.

Systematic miscalibration. There are a number of possible
sources of systematic errors in diffusion NMR experiments.**
If the relevant paper contained evidence of lack of, or mis-,
calibration, the data were excluded from the literature data set.
In particular, sets of experimentally acquired diffusion coeffi-
cients with systematically large deviations from prediction in
every measurement were excluded.

Inconsistent diffusion coefficients. Related to criterion 2, if a
repeated measurement of the same species had inconsistent
diffusion coefficients reported within a single experimental
report, it is highly likely that there were significant problems
with the experiments. The data were excluded from the litera-
ture data set.

Evidence of convection. The presence of convection in a
sample is likely to lead to higher diffusion coefficients than
expected.”® Variable temperature studies, or those in solvents
particularly prone to convection, that showed systematically
higher diffusion coefficients than predicted were excluded
from the literature data set.

Evidence of aggregation. Species that form aggregates dif-
fuse more slowly than single molecules. Systems that might be
expected to aggregate and that had lower diffusion coefficients
than predicted were therefore excluded from the literature data
set.
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It is instructive to look at two diffusion measurements that
failed these tests. In the original data set, ? trimesic acid (ben-
zene-1, 3, 5-tricarboxylic acid) in DMSO-dg, exhibited a diffu-
sion coefficient ca. 60 % smaller than predicted. Trimesic acid
is known to form extended self-assembled structures in both
the solid state™ and at liquid-solid interfaces,” producing ex-
tended hexagonal networks with either ‘chicken wire’ or
‘flower’ structures. This diffusion coefficient was, therefore,
removed from the original data set.

Experimental diffusion coefficients much higher than predict-
ed indicate the likely presence of convection. Reference 45
contains a variable temperature study of water, 2-
ethoxyethanol and caffeine in D20.45 At 304.4 K, the meas-
ured diffusion coefficients for water and caffeine were respec-
tively 22 and 23 % higher than predicted. This increased to
over 30 % for all three species at 309.8 K. This indicates the
probable onset of convection, and hence the diffusion coeffi-
cient measurements in this reference made at higher tempera-
tures were all removed from the literature data set.

The references used in this study (as well as the solvents used
for the samples, the nature of the experiments (variable tem-
perature, non-NMR) and whether any measurements of diffu-
sion within a given reference were excluded) are summarised
in SI.2. The diffusion and solvent viscosity data collected from
the literature and carefully organized here, although not cover-
ing all possible reported data on diffusion coefficients, will aid
future investigations on the prediction of molecular weight
from diffusion coefficients.

Temperature Dependence of Diffusion Coefficients. The
original investigation used only data acquired at 25 °C. There
are two ways in which temperature affects diffusion coeffi-
cients. First, in the numerator of the Stokes-Einstein equation,
the thermal energy driving diffusion is given by kp7. The
higher the temperature, the more energy the solute and solvent
molecules have and the faster they move through the solution.
Second, and much more importantly, in the denominator, the
solvent viscosity 1 depends strongly on temperature. Over the
range of temperatures likely to be encountered in NMR diffu-
sion measurements this temperature dependence is well repre-
sented by an Arrhenius-like equation (Eqn. 5), with two varia-
ble parameters a and b.

b
n =aeT %)

In the original study, the viscosities used for the deuteriated
solvents were estimated from those of protiated solvents (by
multiplying the value for the protio- solvent by the ratio of the
deuterio- and protio- molecular masses), at a single tempera-
ture (298 K). Here, literature data are used for the viscosities
of all solvents, whether protiated or deuteriated. Reported val-
ues at different temperatures are fitted to obtain Arrhenius
parameters a and b, from which viscosities at different tem-
peratures are calculated. Of all the solvents used, only one had
no reported measurements of its viscosity at temperatures
away from 298 K. Frustratingly this was the solvent for which
the largest number of diffusion measurements are available,
CDCIL. In order to estimate the temperature dependence of the
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viscosity of CDCls, the value of b for CHCI; was used, with
the value of a determined by the estimated viscosity of CDCl;
at 298 K, taken from previous work® (5.44 x 10 *kgm ™' s™").
The experimental viscosity data available for toluene-dg are
also limited, with only a few low-temperature measurements
in the literature. Literature data for all the solvent viscosities
differ slightly from the estimates used previously; however,
using the new, temperature dependent, values for viscosity has
little effect on the root mean square deviation for the original
data set. A comparison of the viscosities at 298 K used in the
original study with those calculated using the literature data
and Eqn. 5 is included in SI.3. The references used for both
deuteriated™® and protiated™ "™ solvents are detailed in
SI.4. Table SI.4 summarises relevant information for each of
the solvents used. Protiated solvents which had a deuteriated
analogue used in the study are also included. SI.4 also contains
all data used to calculate @ and b for each solvent used in this
work.

RESULTS

Testing SEGWE against the Literature. Figure 1 shows the
results of plotting experimental versus predicted diffusion
coefficients for the set of 558 literature measurements of dif-
fusion coefficients used, as blue diamonds, alongside the same
comparison for 108 of the original measurements, plotted as
red squares. (As noted above, the original data set had the
outlier point, trimesic acid in DMSO-dg, removed, the effec-
tive dgnsity has been re-optimised, to give a new value of 627
kgm ™).

50
T 40 5
('\Ilm 30 %) :Q....l. .
£ ~t§5'
TO 20 . -" .=
3 X
Q 10 > = original data set
« literature data set
0

0 10 20 30 40 50
Dest / 10_10 m2 3_2 %

Figure 1. Measured diffusion coefficient plotted against diffusion
coefficient calculated using Eqn. 4 for 108 samples of 44 small
molecules in five deuteriated solvents (original data set, filled red
squares) and 558 samples in 23 solvents, both deuteriated and
protiated (literature data set, filled blue diamonds), with a solid
line of unit slope.
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With the approximations made, the model cannot hope to pre-

dict the diffusion coefficients of all the compounds used in this
study, but it performs well over 600 individual experimentally

acquired diffusion coefficients.

Gratifyingly, there is no immediately apparent difference be-
tween the original data set and the larger literature data set: the
latter provides a strong validation of the method. The quality
of fit can be represented and quantified in a number of ways.
Plots of difference in diffusion coefficient, as a percentage of
the calculated diffusion coefficient, against both solute molec-
ular weight (Fig. 2.upper) and measured solute diffusion coef-
ficient (Fig 2.lower) give an immediate graphical indication.

R
o
Q
=
—40}
= original data set
—-60! + literature data set
60
0 200 400 600 800 1000 12001400

Mw

(AD/Deost) | %

= original data set
«+literature data set

0O 10 20 30 40 50
D /1070 m? s —

Figure 2. Difference between calculated and measured diffu-
sion coefficients, expressed as a percentage of calculated dif-
fusion coefficient, plotted against (upper) molecular mass and
(lower) experimental diffusion coefficient for both the original
data set (filled red squares) and the literature data set (filled
blue diamonds). Dashed lines indicate errors of + 25 %.

Data Set # diffusion RMS error (%)
coefficients

Original 108 14.0

Literature 558 14.9

Combined 666 14.8

Table 1. Comparison of RMS error for original, literature
and combined data sets.

For this large set of experimentally measured diffusion coeffi-
cients, the vast majority lie within 25 % of the value predicted.
Figure 2 shows that there is a slight trend present within the
literature data set, with the experimentally measured diffusion
coefficients being on average slightly higher than expected,
particularly for lighter molecules and/or higher diffusion coef-
ficients. The diffusion coefficient measurements lying above
and below the dashed lines are listed in SI. 5.

The RMS error for SEGWE applied to the larger, literature
data set can be calculated and compared with that obtained for
the original data set, as shown in Table 1. When all of the val-
id data presented here are included, the RMS error is 14.8 %,
comparable with that originally reported for the original set of
data.

It is instructive to compare histograms, shown in Figure SI.6,
of the original and literature data that summarise the infor-
mation contained in Figures 1 and 2. They show substantial
overlap, but with a clear tendency for the literature experi-
mental diffusion coefficients to be slightly (between 10 and 20
%) underestimated by Eqn. 4. While the original data set was
acquired with strict temperature control and samples acquired
in thick walled tubes, such precautions were not always taken
in the literature measurements. Convection is conventionally
seen as an example of a critical phenomenon. NMR tubes are
long, narrow tubes made out of thin glass. If a large enough
negative temperature gradient forms between two ends of the
tube, then Rayleigh-Bernard convection will spontaneously
form, with the warmer fluid flowing upwards, displacing the
colder fluid above. However, recent studies of convective flow
in NMR experiments have revealed that some convective flow
is almost always present in typical diffusion NMR experi-
ments. The non-critical phenomena of Hadley convection oc-
curs when transverse temperature gradients form around the
tube. In a temperature-regulated NMR probe, the air flow
around the sample is disrupted and transient transverse tem-
perature gradients form, making convective flow of the sam-
ple, an<152hgi§her than expected diffusion coefficients, almost
certain.™

Certain subsets of the data can be studied to obtain further
insight into the performance of the estimation method over a
range of different experimental parameters. Of the eight deu-
teriated solvents used across the literature data, seven have
sufficient diffusion coefficients reported to make plotting the
individual fits worthwhile. Figures SI.7.a to SI.7.h plot the
experimental diffusion coefficients acquired in eight common
deuteriated solvents against diffusion coefficients estimated
using Eqn. 4. It is noteworthy that the solvent for which few
viscosity measurements are available in the literature, toluene-
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ds, shows the most obvious systematic deviation between ex-
perimental and estimated diffusion coefficients. Other solvents
show less marked trends, but overall it is perhaps surprising
how well the single compromise approach of Eqn. 4 represents
diffusion measurements in a wide range of very different sol-
vents. The RMS errors for the four subsets of diffusion data
corresponding to common deuteriated NMR solvents are col-
lected in Table 2.

in CDCl; at 303 K (filled purple diamonds). Data are drawn
from reference 37.

As with the data in Figure 1, the quality of the fit can be repre-
sented and quantified in a number of ways. SI.8 depicts analo-
gous plots to those in Fig.2 , plotting AD (as a percentage of
experimental diffusion coefficient) against both solute diffu-
sion coefficient (Fig SI.8.a) and solute molecular weight (Fig.
SI1.8.b) give an immediate graphical indication of the quality
of the fit and also show how little the scatter in results changes

Solvent # diffusion | RMS error (%) with increasing temperature. While almost all of the experi-
coefficients mental data are correctly predicted to within 25 %, there is a
slight upwards trend in the average deviation between estima-
CDCI3 213 124 tion and experiment as diffusion coefficient increases, just as
D20 107 11.1 in Figure 2.
DMSO-d6 60 17.8
Toluene-d8 54 16.2 DISCUSSION

Table 2. Comparison of RMS error for subsets of the com-
bined data set corresponding to the common NMR solvents
CDCl;, D,0O, DMSO-d4s and toluene-dg. See also Figures
SL.7.

Extending SEGWE to Different Temperatures. In order to
estimate diffusion coefficients at different temperatures, the
Arrhenius model of Eqn. 5 for solvent viscosity has been used
with Eqn. 4. As explained earlier, two parameters were used to
fit viscosities as an exponential function of temperature for all
the solvents used in this study. An assessment of the effective-
ness of this extension was made using the data contained in
reference 37, a compilation of 200 diffusion coefficients
measured in two different solvents at two different tempera-
tures. Figure 3 compares measured diffusion coefficients with
those estimated with Eqn. 4 for both solvents and both tem-
peratures.

50
*
*
T 40
* .0
(\Il o %
» R
& 30 .0..0:’,0
>
OE +3 b 4 b
i 3y
s 20 o3
=
~ = in D,0, 298 K
3 = in D,0, 303 K
3 . bl
Q 10 +in CDCl3, 298 K
+in CDCl3, 303 K
0

0 10 20 30 40 50
D1 W82 —

Figure 3. Measured diffusion coefficient plotted against diffu-
sion coefficient calculated using Eqn. 4 for 24 small molecules
in D,0 at 298 K (filled yellow squares), 24 small molecules in
D,0 at 303 K (filled red squares), 76 small molecules in

CDCl; at 298 K (filled blue diamonds) and 76 small molecules

The small but clear systematic trends in Figures 2 and SI.8
reflect the difficulty of using a single model, with only one
adjustable parameter, for all solvents. One source of such a
trend is clear from Figures SI.7: in CDCls, toluene-dg, ben-
zene-dg and cyclohexane-d;,, there is a small tendency to
overestimate D in small species. This is far from surprising:
the same factors that lead to a ca. 15% RMS uncertainty in the
diffusion coefficients of individual analytes, and by implica-
tion in the estimation of their hydrodynamic radii r, apply to
the estimates of the hydrodynamic radii of the solvents. It
might be expected that the overall fit of the data could be im-
proved significantly by making the hydrodynamic radii of the
different solvents into adjustable parameters. Such an ap-
proach can be found applied to the original data set in SI.9.
While the quality of the fit is improved, the improvement is
only from 14.0% to 12.9 %. This method sacrifices the sim-
plicity and universality of the SEGWE approach and the im-
provement in reliability from increasing the number of adjust-
able parameters from one to six is small, because the approach
does not address the other fundamental sources of uncertainty
set out in the Introduction. It would require a much larger evi-
dence base to give robust results.

A further reason for caution in seeking to improve the predic-
tion accuracy of this, and of other methods for correlating
molecular masses with diffusion coefficients, is, as noted ear-
lier, that experimental measurements of the latter are subject to
a source of systematic error, sample convection.”>™ This has
historically been underestimated. There are a number of ways
in which the effects of convection can be reduced or compen-
sated for. The thermal conductivity of sapphire is approxi-
mately 25 times that of borosilicate glass®, so the use of sap-
phire NMR tubes will greatly reduce the temperature gradients
that drive convection. Narrower bore NMR tube reduce the
convective flow that does occur. Convection-compensated
diffusion NMR pulse sequences are designed to cancel the
effects of laminar flow in the sample®. However, many of the
measurements in the literature data set did not use convection
compensation. Since the effect of convection is to increase the
apparent diffusion coefficient, there will be a small but un-
quantifiable bias in the great majority of the measurements
used here (and, by extension, in many of the measurements
that Eqn. 4 is likely to be called upon to assist in interpreting).
As noted earlier, comparing the original and literature results
in the histograms of Figure SI.6, there is a small but clear shift
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between the two centroids that may be attributable to the slight
bias introduced by convection. It is noteworthy, for example,
that many of the measurements exhibiting higher diffusion
coefficients than predicted in Figs. SI.8.a and SI.8.b are those
made in chloroform. This is not unexpected; the relative ease
with which a solvent convects is a function of the parameter y
= Pk, where £ is the volumetric thermal expansion coefficient
in K, # is the dynamic viscosity in Pa s, and « is the thermal
conductivity in W m™' K™.** For the two solvents compared in
reference 37, y is nearly 12.5 times larger for CDCl; than for
D,0.

Instead of using the literature data to validate the result of
reference 3, it is tempting to take advantage of the much larger
evidence base available from the literature to re-optimise the
parameter p g in Eqn. 4. If done, this results in an increase in
Pesr from 627 to 744 kg m™, but the RMS error decreases only
slightly, from 14.8 to 12.9%. Any marginal benefit is out-
weighed by the extra uncertainty that is introduced by the fact
that there is a known but unquantifiable bias in the literature
data set caused by sample convection. The accompanying
software therefore uses a default value 627 kg m "~ for Petbs
which is straightforward for the user to change if wished.

CONCLUSIONS

NMR measurements of diffusion coefficient, such as in diffu-
sion-ordered spectroscopy (DOSY) experiments, are typically
used in a qualitative manner only, separating out signals in a
manner akin to chromatography. By making pragmatic deci-
sions about the assumptions underlying the Stokes-Einstein
equation, a general method for the prediction of small mole-
cule diffusion coefficients can be constructed for extracting
approximate information on molecular mass from such data.
For a known molecular mass, a diffusion coefficient can be
estimated (or vice-versa, albeit with much greater uncertainty).
This, in turn, allows for deductions about whether molecules
are associating, or oligomeric species are present, delivering
chemical insight from measurements that are often left unin-
terpreted. The method has been tested against a large body of
literature data on diffusion coefficients, showing a high level
of consistency, has been extended to cover both a wide range
of NMR solvents and a wider range of temperatures, and has
been implemented in freely-available software, including the
very recent General NMR Analysis Toolbox"".

SUPPORTING INFORMATION

The Supporting Information is available free of charge on the
ACS Publications website. This contains summaries of all refer-
ences, solvents used and viscosity measurements, as well as fig-
ures illustrating subsets of data, as described in text. Further sup-
porting material can be found at doi:10.17632/cxt99x{2d2.2. This
contains Excel spreadsheets containing all diffusion coefficients
used in this work and Mathematica notebooks to reproduce every
calculation and every image in both manuscript and Supporting
Information, all solvent data used, as well as Matlab GUI and
Excel sheets for the prediction of diffusion coefficient from MW
and vice versa.
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