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The effects of convection on the measurement of the diffusion coefficients of liquids by the pulsed gradient
spin echo (PGSE) NMR method at low temperature are discussed. To examine the generation of convective
flows, we used four different types of sample tubes in the diffusion measurements with temperature variation;
anormal 5 mm NMR tube, a Shigemi tube, an ELISE type tube, and a capillary tube. Below room temperature,
the calculated diffusion coefficients of chloroform in 5 mm o.d. type tubes increased with decreasing
temperature, while those in the capillary tube decreased linearly. The convective flow was found to be
significant even at low temperature and it seemed to be mainly induced by the transverse temperature gradient.
It was also found that the capillary tube was most appropriate to measure the diffusion coefficients, since its
small diameter is effective in suppressing the convective flows at both high and low temperatures.
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Introduction

Various techniques to quantitatively determine the diffu-
sion coefficients in liquids have been designed during the
last few decades.! Since the method using pulsed-gradient-
spin-echo (PGSE) NMR is easy to apply, it has been used in
many fields, such as polymer science,”” soil science,® and
electrochemistry.” However, some errors occur when mea-
suring diffusion coefficients using PGSE-NMR techniques.
In particular, at high temperatures far from ambient, the
inhomogeneous heating of the sample generates vertical
temperature gradients which induce strong convective
flows.!™!? This additional thermal motion can cause the
translational motion of the molecules to be faster than that
induced by their intrinsic self-diffusion. Another source of
error in diffusion measurements is the eddy currents. How-
ever, the effects due to eddy currents can be efficiently
minimized by using satisfactory recovery delays and/or
appropriate NMR pulse sequences, such as the bipolar gradi-
ent pulse longitudinal eddy-current delay (LED),"* which
was also used in this experiment. Consequently, minimizing
the convection of the liquid is the most important factor
determining the precision of the diffusion coefficients obtain-
ed by PGSE NMR methods with sample heating. There have
been many attempts to overcome this convection effect,
including sample rotation,'* introducing a convection com-
pensating pulse sequence,'® decreasing the sample size,'®
increasing the sample viscosity,!” efc. The most frequently
used approach to the problem of convection is the use of
modified NMR tubes,'” such as capillary and/or Shigemi
tubes.

The convection effects in low temperature PGSE diffusion
experiments (needed air cooling) have not been as widely
studied as those at high temperature,'® because it was
thought that convective flow only occurred during the heat-

ing of the sample. However, convection is also produced
during cooling and can interfere with the determination of
the self-diffusion coefficients at low temperatures. In this
work, we discuss the convective flows in low temperature
PGSE diffusion measurements and examine the generation
and effects of convection depending on the structure of the
sample tubes by comparing the experimental data obtained
using a normal 5 mm tube, a Shigemi tube, an Experimental
LIquid SEaling (ELISE) type tube,'® and a capillary tube.

Experimental

All of the sample tubes were purchased from Sigma-
Aldrich Co. The susceptibility of the coaxial insert of the
Shigemi tube was matched to CDCl3. CDCls-d (99.8%) was
also purchased from Sigma-Aldrich Co. and used without
further purification. The NMR experiments for the deter-
mination of the diffusion coefficients were performed at
various temperatures (238-318 K) on a Bruker Avance 600
spectrometer with bipolar pulse longitudinal eddy current
delay pulse sequence (BPPLED)." Spoil gradients were also
applied at the diffusion period and the eddy current delay.
Typically, a value of 1-2 ms was used for the gradient
duration (), ca. 70, 100, 130 ms for the diffusion time (A),
and the gradient strength (g) was varied from ca. 1.5 G/cm
to 70 G/cm in 16 steps. Each parameter was chosen to obtain
~90% signal attenuation in the last step. The pulse repetition
delay (including the acquisition time) between each scan
was 10 sec to avoid any contamination from inter-scan spin
echoes. The time allowed for temperature stabilization after
changing the target temperature was set to 30 min at least.
Data acquisition and the calculation of the diffusion
coefficients were performed using Bruker Topspin software.
Under specific experimental conditions of temperature and
A, the diffusion coefficient was measured three times to
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evaluate the errors in the experiments. However, the vari-
ations were not significant in any of these cases (usually less
than 1-2%), thus the average values (without standard
deviations) were used in this paper.

Results and Discussion

To examine the effects of the shape of the tube (e.g. its
diameter and suppressor) on the convection of the liquid,
four different types of sample tubes (a-d) were used to
determine the diffusion coefficients (D) of residual chloro-
form (CHCls) in 99.8% CDCls solvent: (a) a normal 5 mm
NMR tube, (b) a Shigemi tube, (c) an ELISE type 5 mm tube
sealed with a second solvent (D20) on top of CDCl;," and
(d) a capillary tube (2 mm o.d.) inserted in a normal 5 mm
tube. The diffusion coefficients were obtained using three
different diffusion times, A (70, 100, 130 ms) at each
temperature, as the results could be useful to describe the
effects of convection on the molecular diffusion.
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The diffusion coefficients of chloroform obtained at 238-
318 K are shown in Table 1 and Figure 1. In general, the
self-diffusion coefficients D should decrease as the temper-
ature is decreased. However, the D value versus temperature
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Table 1. Calculated diffusion coefficients (m%sec) at various
temperatures and diffusion times (A)

Temp (K) A (ms) 5 mm Shigemi ELISE  Capillary
70  3.79E-09 4.52E-09 7.57E-09 7.45E-10
238 100  5.53E-09 5.87E-09 1.12E-08 7.48E-10
130 7.13E-09 7.16E-09 1.64E-08 7.60E-10
70  2.44E-09 2.83E-09 7.45E-09 8.53E-10
248 100  3.17E-09 3.25E-09 1.07E-08 8.46E-10
130  3.79E-09 4.89E-09 1.29E-08 8.56E-10
70  2.07E-09 2.89E-09 6.90E-09 1.00E-09
258 100  2.43E-09 3.66E-09 9.54E-09 1.02E-09
130  2.62E-09 4.40E-09 1.17E-08 1.04E-09
70  2.42E-09 3.24E-09 6.45E-09 1.25E-09
268 100 2.88E-09 4.00E-09 8.97E-09 1.23E-09
130  3.19E-09 4.62E-09 9.56E-09 1.25E-09
70  2.48E-09 7.00E-09 4.84E-09 1.44E-09
278 100 3.23E-09 9.76E-09 6.38E-09 1.46E-09
130 3.91E-09 1.27E-08 8.06E-09 1.44E-09
70  3.08E-09 3.91E-09 3.24E-09 1.83E-09
288 100 3.88E-09 4.71E-09 3.96E-09 1.82E-09
130  4.85E-09 4.90E-09 4.23E-09 1.81E-09
70  2.54E-09 2.43E-09 2.29E-09 2.05E-09
298 100  3.04E-09 2.75E-09 2.81E-09 2.04E-09
130  4.06E-09 3.06E-09 4.24E-09 2.04E-09
70  2.19E-08 1.52E-08 1.95E-08 2.32E-09
308 100 3.19E-08 2.21E-08 3.04E-08 2.33E-09
130  4.61E-08 3.07E-08 4.31E-08 2.38E-09
70  6.54E-08 3.83E-08 5.43E-08 2.64E-09
318 100  9.06E-08 5.85E-08 8.28E-08 2.67E-09
130  1.49E-07 8.89E-08 1.07E-07 2.72E-09
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Figure 1. The temperature dependency of the calculated diffusion coefficients of chloroform (left) when the diffusion time (A) is 70 ms. The
y-axis scale is the common logarithmic type and the lines between the data points mean just linear interpolation. The error bars are omitted,
since their sizes were smaller than those of the markers for all of the types of tubes. The ratios of the values from the 5 mm o.d. type tubes to
that from the capillary tube (right) are also presented to allow the scales of the diffusion coefficients to be easily compared.
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graphs for the samples in the tubes with 5 mm o.d. (i.e. tubes
a, b, and c) have V-shapes with minimum values at 298 K,
while the diffusion coefficient for the capillary tube (d)
decreases almost linearly with decreasing temperature accord-
ing to the well-known Stoke-Einstein equation:'®

kT
67nD

where ry = the hydrodynamic radius, £ = the Boltzmann
constant, 7 = the temperature, and 7 = the viscosity of the
solvent. Additionally, all of the D values obtained from the 5
mm o.d. NMR tubes increased greatly with increasing diffu-
sion time (A) and were much larger than the values obtained
from tube (d) at all temperatures (see Table 1). These
observations strongly imply that there was a significant
contribution of convection to the obtained D values (except
for those obtained from the capillary tube) in the case of
cooling (below 298 K) as well as heating (above 298 K), in
contrast to the general expectation.

The temperature regulation systems of most modern NMR
apparatuses have a structure in which hot or cool air is
injected from the bottom of the probes. Therefore, it is not
surprising that convective flows arise in the liquid above
room temperature, because the lower part of the sample tube
is generally hotter than the upper part. This kind of con-
vection is described as buoyancy-driven convection, which
causes a large portion of the convection phenomena observed
in our daily life. In the case of the 5 mm o.d. NMR tubes
above 298 K, buoyancy convection occurs and can lead to
the significant movement of solvent molecules along the z-
axis. This is observed in the form of the largely increased
diffusion coefficient values compared with those obtained
from the capillary tube. At 318 K, as shown in Figure 1, the
calculated diffusion coefficients of chloroform in the 5 mm
0.d. NMR tubes were 15-25 times larger than those in the
capillary tube.

On the other hand, below room temperature, there are
variations in the temperature gradients along the z-axis,
since cold air is supplied from the lower part of the sample
tubes. This means that the bottom of the tube is cooler than
the upper part, and the resulting inversed temperature gradi-
ent generally does not induce buoyancy-driven convection
in the liquid. However, the experimental results at low
temperature showed that some flow of the liquid occurs in
addition to self-diffusive flow and, hence, the calculated
diffusion coefficients of chloroform in the 5 mm o.d. NMR
tubes were still much larger than those in the capillary tube
(5-10 times at 238 K). In order to explain these experimental
results, the following two possibilities should be considered.
First, the buoyancy-driven convection is still effective in the
tube, in spite of the inversed temperature gradient. Secondly,
there is another kind of liquid convection.

To examine the possibility of convection in the PGSE-
NMR experiments at low temperature, it is necessary to
carefully re-visit the variations of the temperature gradi-
ent in both the high- and low-temperature experiments.
Figure 2 shows the expected patterns of the temperature
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Figure 2. Variations of temperature gradients expected when hot or
cold air is supplied from the bottom of the NMR tube, where H and
L represent the high- and low-temperature components induced by
the air flows, respectively.

gradient when hot or cold air is supplied from the bottom
NMR tubes. As depicted, temperature gradients along both
the longitudinal (z-axis) and transverse (x, y-axis) directions
could be created by the injection of hot or cold air. Loening
and Keeler, using the chemical shift imaging method, report-
ed the existence of the transverse temperature gradient of
a liquid sample in an NMR tube at high temperature.?’ Their
result could be applied to low temperature experiments with-
out critical argument. Consequently, the transverse temper-
ature gradient combined with the longitudinal gradient
would be able to induce a convective flow along oblique
directions. This flow could be created at both high and low
temperature. However, it might be just an additive effect at
high temperature, whereas it would play a central role at low
temperature.

The existence of the transverse temperature gradient may
also introduce Marangoni convection as another kind of
liquid convection. Marangoni convection refers to a flow
which is produced by the variation of the surface tension.?!
The inhomogeneity of the surface tension can be created by
several factors including thermal gradients, hence Marangoni
convection could be induced by the transverse temperature
gradient on the liquid in the NMR tubes during high and/or
low temperature experiments. The experimental results also
seem to support the possibility of Marangoni convection. As
shown in Figure 1, the calculated diffusion coefficients of
chloroform in the Shigemi and ELISE tubes at high temper-
ature had smaller values than those in a conventional 5 mm
NMR tube, while the former values are larger than the latter
at low temperature. If we introduce the Marangoni convec-
tion effects, these results can be explained as follows: the
suppressors in the Shigemi and ELISE tubes (glass coaxial
insert and water, respectively) are somewhat effective in
suppressing the convection along the z-axis at high temper-
ature, but they may induce a temperature gradient at the
interface of chloroform, resulting in active Marangoni con-
vection at low temperature. This might seem to be contro-
versial in some ways, since Marangoni convection could be
induced by the suppressors (located near the NMR active
region) at either high or low temperature. The difference
may come from the relative strengths of the two convective
flows. At high temperature, the buoyancy-driven convection
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Figure 3. Comparison of the measured diffusion coefficients (D) of chloroform at 238 K, 298 K and 318 K with varying diffusion time (A).

The graphs correspond to the data in Table 1.

along the z-axis might be the critical effect, in which case the
intrinsic role of the suppressors should be emphasized.
Therefore, the solid suppressor (glass coaxial insert in the
Shigemi tube) is more effective in suppressing the convec-
tion along the z-axis than the liquid one (water in the ELISE
tube). On the other hand, as discussed earlier, the buoyancy-
driven convection is not significant at low temperature and,
thus, the effect of Marangoni convection is revealed. It is
likely that a lot of further research will be needed before we
can describe quantitatively and conclusively the effects of
the Marangoni convective flow at low temperature.

It was also found that the diffusion coefficients obtained
from the ELISE type tube below 273 K was much larger
than those obtained from the Shigemi and normal 5 mm
tubes. This could be interpreted as being the result of the
discrepancy in the thermal properties at the interface. Below
273 K, the water suppressor of the ELISE tube turns into ice,
whose thermal conductivity is much higher than those of
chloroform and the glass insert of the Shigemi tube. The
difference in the heat capacity is also bigger at the interface
between ice and chloroform than between glass and chloro-
form. This discrepancy may create thermal turbulence at the
interface (whether Marangoni convection is induced or not),
which results in abnormally large diffusion coefficients being
obtained. The ELISE NMR tube has an intrinsic advantage
when it comes to sealing the target solvent completely with
another solvent, since it is free from the bubbles which are
usually observed in Shigemi tubes. However, it is found that
this complete sealing effect is not that effective in suppress-
ing the convective flows at either high or low temperature

The most effective way to overcome the convection effects
for the purpose of determining the diffusion coefficients by
PGSE NMR experiments would be to use a capillary tube.'”!®
As shown in Figure 1, the temperature dependent diffusion
coefficients of chloroform obtained from the capillary tube
(d) seem to be very reliable, and to follow Eq. (1). The
transverse (along x, y-axis) temperature gradient of the
liquid in a capillary tube (< 2 mm i.d.) would be markedly
reduced compared to that in a conventional 5 mm NMR
tube, and this reduction might be sufficient to eliminate the

additive flows, thus allowing for the determination of the
diffusion coefficient at low temperature. However, at high
temperature, where a temperature gradient exists along the z-
axis regardless of the tube diameter, a more fundamental
force may be needed to suppress the convection effectively.
In a capillary tube, the increased surface-to-volume ratio
due to the reduced tube diameter ensures that the role of the
interfacial forces (created by the interactions between the
fluid and glass wall), such as friction and adhesion, is
dominant over that of the convective force. Hence, a capillary
tube can sufficiently suppress the convection effects in
PGSE NMR experiments at both high and low temperatures.

To evaluate the strength of the additive flows and the
effects of the diffusion time (A) depending on the tube type,
PGSE diffusion experiments were conducted with three
different diffusion times (A =70, 100, 130 ms). As can be
seen in Figure 3, at high (318 K) and low (238 K) temper-
atures, the calculated diffusion coefficients increased greatly
with increasing diffusion time, except for those from the
capillary tube. (Note that the y-axis is a logarithmic scale.)
For the same reasons as those discussed above, the varia-
tions of the calculated diffusion coefficients for the normal 5
mm tube having no suppressor were the greatest at high
temperature (318 K), while those for the ELISE tube were
the greatest at low temperature (238 K). As expected, the
self-diffusion coefficients obtained from the 5 mm o.d. tubes
(a-c) were closest to those from the capillary tube at near-
ambient temperature. Note that the ambient temperature was
about 293-295 K during all of the experiments. As shown in
Figure 3, the observed differences in the diffusion coeffi-
cients at 298 K were also relatively small between A =70 ms
and 130 ms compared with those at the other temper-
atures. However, the differences (20-80%) were still suffici-
ently large to spoil the determination of the self-diffusion
coefficient in the PGSE experiments at long A values, and
this indicates that convection is effective even at near
ambient temperatures if there is air flow and enough space
to move (>>2 mm diameter). Among the 5 mm o.d. tubes,
the Shigemi tube seems to be most effective in suppressing
convective flows, at least near room temperature.
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Conclusion

We found that convection effects are significant in PGSE
diffusion measurements with 5 mm o.d. NMR tubes, even at
low temperatures, and that the transverse temperature
gradient seems to be the main factor affecting the convective
flow. The temperature dependence of the diffusion coeffi-
cients obtained under the influence of convective flows was
strongly affected by the presence and type of compressors in
the tubes. Marangoni convection should also be considered
as a potential source of additional convective flows induced
by the transverse temperature gradient.

Consequently, using a capillary tube seems to be the best
way to eliminate convection from PGSE self-diffusion mea-
surements, since it can minimize the transverse temperature
gradient and enhance the interfacial forces preventing
convective flows at both high and low temperatures.
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