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Abstract

Pulsed gradient spin-echo (PGSE) NMR measurements of the self-diffusion coefficients of low viscosity liquids are greatly

hampered by the effects of convection especially away from ambient temperature. Here we report on a new NMR tube designed to

minimize the deleterious effects of convection. In this tube, which derives from a Shigemi symmetrical NMR tube, the sample is

contained in an annulus formed from a concentric cylinder of susceptibility matched glass. The performance of this tube was

demonstrated by conducting measurements on the electrochemically important LiN(SO3CF3)2 (LiTFSI)–diglyme (DG) system.

Calibrations were first made using DG at column heights of 2, 3, and 4-mm in the temperature range between )40 and 100 �C.
Measurements of the diffusion coefficients of the lithium, anion, and DG were then performed to probe the solvent–ion and ion–ion

interactions in the DG doped with LiTFSI. Changes in the 1H, 7Li, and 19F PGSE-NMR attenuation curves at )40 �C provided

clear evidence of interactions between the DG and lithium ion.

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

The translational (or self-) diffusion coefficient (D) of
a liquid is one of the most important physical param-

eters for probing solution interactions, and thus addi-

tional information is gained by measuring D over a

temperature range. In theory, the pulsed gradient spin-

echo (PGSE) NMR method can easily be applied to
measure variable temperature diffusion data simply by

changing the temperature of the gas surrounding the

sample tube. In practice, however, the sample heating

(or cooling) is never completely homogeneous in an

NMR probe and the resulting temperature differences

(generally top-to-bottom) give rise to temperature

gradients which induce convection in liquid samples.
* Corresponding author. Fax: +81-29-861-6295.

E-mail address: hayamizu.k@aist.go.jp (K. Hayamizu).

1090-7807/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2004.01.006
The onset of convection depends on the Rayleigh

number [1–3].

Since convection is a form of translational motion, it

can complicate diffusion measurements and, if unac-

counted for, leads to a measured self-diffusion coefficient

larger than the intrinsic value [4–8]. Convection cur-

rents, which have a range of velocities, typically occur

along the long axis of the NMR tube [9–12], and thus do
not produce a phase change since the flow of the spins

along the direction of the gradient is exactly matched by

the flow in the anti-parallel direction. PGSE experiments

are typically performed by applying two equal gradient

pulses of magnitude g and duration d separated by a

time interval D. For a single diffusing species, convection
introduces a cosine modulation into the PGSE spin-echo

attenuation, viz. [7,13]

Eðg;DÞ � cosðcgdvDÞ expð�c2g2d2DðD� d=3ÞÞ; ð1Þ
where v is the velocity of the flow. Insidiously, however,

when v2D � D and d � D, the presence of convection is
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Fig. 1. Modified NMR sample tube giving an annular sample volume

supplied by Shigemi, Tokyo.
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generally not apparent due to the similarity between the
cosine and Gaussian functions [7]. Consequently, con-

vection-tainted PGSE data generally appears well de-

scribed by the usual exponential function with an

apparent diffusion coefficient of [7]

Dapp ¼ Dþ Dv2

2
: ð2Þ

Thus, while D is time-independent (i.e., D-independent)
for Fickian diffusion of a homogeneous solution of a

single species, the signature of the presence of convec-
tion is the measured D increased with increasing D.
Importantly, whereas the diffusion coefficient depends

on molecular size, the flow velocity is common to all of

the species in the sample.

Ideally no temperature gradients should exist within

the sample, but in practice this is nearly impossible to

achieve away from ambient temperature—this problem

is quite apart from the probe having very stable tem-
perature control. Numerous means of preventing con-

vection effects have been tried including sophisticated

PGSE sequences incorporating bipolar gradient pulses

[14–16] and spinning the sample during the PGSE se-

quence [3,6,17]. Nevertheless, although reducing the ef-

fects, these �solutions� do not prevent convection within

the sample tube and introduce additional complications

(e.g., more complicated pulse sequences).
Another alternative for reducing convection effects is

to use short samples so as to reduce the temperature

gradient. And previously we tried small sample volumes

with the height set to 2mm to prevent convection effects

[18]. While such short samples were effective in reducing

the convection effects for viscous liquids, measurements

with small molecules, like diglyme (DG), gave unsatis-

factory results. In the present work, special NMR
sample tubes were designed based on a Shigemi sym-

metrical susceptibility-matched microtube. The conven-

tional sample tube set is composed of an outer tube of

5mm (4.965mm) o.d. and a concentric cylindrical insert.

In the present study, special inserts were used with a

column of 2mm diameter in the centre with heights of 2,

3, or 4mm as shown in Fig. 1. Hence, the sample can be

limited to heights of 2, 3, or 4mm. The annular geom-
etry of the sample results in a greatly reduced likelihood

of convection while retaining high signal-to-noise and

reasonable homogeneity. Since the modified tube has the

same basic characteristics as a standard Shigemi tube,

i.e., (reasonably) susceptibility matched and extends

both above and below the sample volume, the tube is

much easier to shim than the same sample volume in a

standard NMR tube. The reproducible sample height
leads to more consistent shimming between subsequent

samples. The small sample volume also helps in reducing

radiation damping artifacts [19].

The suitability and performance of this new tube was

first verified by performing variable-temperature diffu-
sion measurements on the solvent, diethylene glycol di-

methyl ether (diglyme, DG, CH3O(CH2CH2O)2CH3,
viscosity 1.0 cP at 25 �C, freezing point )64 �C and b.p.

162 �C, as a comparison the viscosity of H2O at 25 �C is

0.8902 cP), with excellent results being obtained for DG

using 2 and 3mm sample heights in the temperature

range �40 and 100 �C.
Subsequently, the temperature dependence of the

diffusion of the individual species (i.e., solvent, anion,

and cation) in an electrolyte formed by doping DG with
the lithium salt, LiN(SO2CF3)2 (LiTFSI) were measured

using 1H, 7Li, and 19F PGSE-NMR, respectively. This

electrolyte is commonly used as a model system in bat-

tery/ionic conductivity studies. Diglyme is the shortest

oligomer of polyethylene oxide (PEO) that contains the

3 oxygen structural unit involved in coordinating lith-

ium ions. Thus, clarifying the interaction between DG

and lithium ions is of central importance in under-
standing the coordination of Li by (CH2CH2O)n chains

for the development of lithium ion polymer electrolytes

based on PEO. Recent solid state studies have elucidated

the ion coordination structure [20,21] and the solution

structure from molecular dynamics simulation [22]. In

the present study, the individual self-diffusion coeffi-

cients in the liquid state afford insight into the interac-

tions between the DG and lithium ion and ion pairing
over a wide temperature range.



Fig. 2. The temperature dependence of the self-diffusion coefficients of

DG measured using the modified sample tubes (see Fig. 1) with sample

heights of 2, 3, and 4mm and a standard Shigemi tube with a cylin-

drical sample volume of height 5mm. The plots in the inset were

performed using a 2mm sample tube with D ¼ 30 and 50ms.
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2. Experimental

All diffusion measurements were performed on a

JEOL GSH-200 console equipped with a wide-bore

4.7 T magnet, multi/1H, and 19F/1H JEOL diffusion

probes, a JEOL pulse gradient amplifier, a TecMag RF

unit, and NTNMR. The maximum gradient strength is

about 10Tm�1 and bipolar gradients are not possible.

The temperature of the sample was controlled by a
JEOL variable temperature unit. The temperature was

changed in 10 �C increments in the range 100 �C to

)40 �C and measurements were made both with in-

creasing and decreasing temperature by using the mod-

ified Hahn spin-echo sequence by varying d with D being

set at 30, 50, 100 or 200ms.

The sample tube used was a modified Shigemi sym-

metrical microtube based on a BMS-005J with a small
central column at the bottom of the insert creating an

annular sample volume as shown in Fig. 1. With a col-

umn height of 2mm and the absence of sampling spin-

ning, the full line width at half height of the H2O signal

was 4Hz due to the close matching of the magnetic

susceptibility of the glass and H2O. These sample tubes

afford reproducible sample volumes and easy sample

recovery. 1H PGSE-NMR calibration experiments were
performed with neat DG using four sample tubes with

central columns having heights 2, 3, and 4mm inside

and, for comparison, a standard Shigemi BMS-005J

with a sample height of 5mm. The multinuclear PGSE

measurements of the temperature dependence of the

individual diffusion coefficients in the DG-TFSI elec-

trolyte (O:Li¼ 20:1 for the oxygen of DG and lithium

salt) were measured using the 3mm column sample tube
between �40 and 80 �C.
3. Results

3.1. Calibration of D using DG

The temperature dependences of apparent self-diffu-
sion coefficients of neat DG are shown in Fig. 2 for the

various sample tubes. The apparent self-diffusion coef-

ficients obtained using the 5mm sample for D set to 30,

50, 100, and 200ms (the data for 100 and 200ms are not

shown) agree in the lower temperature range and grad-

ually deviated at higher temperatures. At 70 �C, they

were 3.2, 3.9, 4.7, and 5.6� 10�9 m2s�1 for D¼ 30,

50, 100, and 200ms, respectively. The corresponding
value obtained with the 2-mm sample tube was

2.0� 10�9 m2s�1. Clearly the effects of convection on the

measured self-diffusion coefficients were more apparent

at longer D in the 5-mm sample tube. Using the 4-mm

sample tube, the convection effect was greatly reduced as

shown in Fig. 2, but at temperatures above 80 �C, the
apparent D still deviated to larger values and the D-de-
pendence of D was observed to a smaller extent. The

D ¼ 30 and 50ms data from the 3-mm sample tube

showed good agreement. Unfortunately, the reasonably

short T2 values precluded sufficiently accurate diffusion

measurements at longer D. In order to confirm further,

measurements were made using the 2-mm sample tube

between 100 and �40 �C. The results are shown in
Fig. 2, in which the D ¼ 30 and 50ms data are coinci-

dent over the entire temperature range (see inset). The

data obtained with the 3-mm sample tube agreed well

with the data obtained using the 2-mm sample tube over

the whole temperature range. In the present experiments

reasonable agreement was obtained below 20 �C even

using the 5-mm sample tube. The convection effect in

DG at lower temperatures is less significant due to the
increased viscosity. Thus, the results show that the self-

diffusion coefficients of DG can be measured accurately

over a wide temperature range by using the 2-mm

sample tube. Similarly, the 3mm sample tube can be

used for liquid samples with viscosities greater or equal

to DG. The Arrhenius activation energies for DG were

13.3� 0.1 and 18.6� 0.2 kJmol�1 for the higher (above

0 �C) and lower temperature ranges, respectively.
The previously determined value for diffusion data be-

tween 30 and 80 �C was a little smaller (11.3�
0.3 kJmol�1) [18].

3.2. DG electrolyte

The temperature dependencies of the diffusion of the

DG, Liþ, and TFSI measured using D ¼ 50ms and the
3-mm sample tube are shown in Fig. 3. Whilst the dif-

fusion of the lithium ion and anion were measured using

the multinuclear and F/H probes, respectively, the dif-

fusion of the solvent DG was measured using the 1H



Fig. 3. The temperature dependence of the self-diffusion coefficients of

the DG, lithium ion, and anion (TFSI) for the liquid electrolyte

measured using the 3mm sample tube with D ¼ 50ms between �40

and 80 �C.

Fig. 4. The linearized PGSE attenuation profiles of (A) DG, (B) TFSI,

and (C) Li ion measured at �40 �C.
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channel of both probes and the results were in complete

agreement—verifying both the gradient strength and
temperature calibrations of the probes. The linearized

PGSE attenuation plots (i.e., the natural logarithm of

the signal attenuation, E, versus c2d2g2ðD� d=3Þ) were
linear for all the species in the temperature range be-

tween 80 and �30 �C. The determined D values are

shown in Fig. 3 including estimates of the diffusion co-

efficients at �40 �C, which were obtained from the initial

linear part of the attenuation plots (see Fig. 4). At all
temperatures, the order of diffusion is DG>TFSI>Li

with activation energies of 19.3� 0.2, 20.8� 0.1, and

21.0� 0.2 kJmol�1 (excluding the �40 �C Li data). The

similarity of the activation energies the self-diffusion

coefficients over the wide temperature range (i.e., par-

allel plots) suggests that the data measured using the

special sample tube are very close to the intrinsic values

at every temperature.
At �40 �C the linearized 7Li PGSE attenuation plot

(see Fig. 4) exhibited negative curvature suggestive of

restricted diffusion similar to that observed in the related

higher molecular weight PEO-based system [23,24].

Whereas the 1H and 19F PGSE attenuation plots ex-

hibited positive curvature—possibly indicating multi-

component diffusion. Double exponential fitting of the

data indicated that about 10% of the DG and TFSI data
was constituted by a slowly diffusing component. The

mole ratio of DG : Li is � 6.7:1. If one DG interacts

with one Li, about 15% of all the DG molecules in the

electrolyte will interact with the lithium ions at any one

time.

The Stokes–Einstein equation, when applicable, im-

plies that the diffusion coefficient of a species is inversely

proportional to its hydrodynamic size. In the present
system, since the diffusion coefficients of the ions are

measured in the same solution, the bulk viscosity should

affect the diffusing ions similarly. Thus, starting from the
Stokes–Einstein equations for the solvent and the ion,

Dsolv ¼
kT

cpgrsolvs

and Dion ¼
kT

cpgrions

; ð3Þ

where c is a constant, g is viscosity, and rions and rsolvs are

the Stokes radii for the ions and solvent, respectively,

and combining these equations and rearranging gives,

R ¼ Dsolv

Dion

¼ rions

rsolvs

: ð4Þ

R is a semi-quantitative measure of the degree of ion

solvation. The temperature dependence of RLi and RTFSI

are plotted in Fig. 5. The van der Waals radii, which are

not necessarily the same as the Stokes radii, of Li and

TFSI are 0.076 and 0.325 nm, respectively [25]. Since the

molecular size of TFSI (Mw¼ 282) is larger radius than

DG (Mw¼ 134), the RTFSI values of 1.6 at temperatures
above 0 �C are reasonable. Since the size of the lithium

ion is much smaller than DG, the larger RLi ¼ 1:7 above

0 �C suggests solvation of the lithium ion. Below 0 �C,
Rion increases, especially in the case of RLi.



Fig. 5. The change in the R parameters (i.e., Rion ¼ DDG=Dion) of the

TFSI and the lithium ion with temperature.
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4. Discussion

The effect of convection on NMR diffusion mea-

surements in low viscosity liquids away from ambient

temperature is a well-known problem. The present re-
sults show that the use of the specially designed NMR

tube with an annular sample volume with a height of

3mm greatly reduces the effects of convection in liquids

of low viscosity like DG. With less viscous liquids a

2mm sample height is preferred. Although the effects of

convection were not significant for DG at lower tem-

peratures, they can be significant when measuring the

diffusion of other liquids, nevertheless the use of these
new sample tubes will greatly reduce artifactual atten-

uation in PGSE-NMR experiments.

As noted above, clarifying the interactions between

DG and the lithium ion are important for electrolyte

development, and to this end we have previously re-

ported the interaction between lithium ion and the

(CH2CH2O)n moiety in a systematic way for n¼ 3–50.

However, the data from the DG electrolytes was previ-
ously excluded out of the uncertainty of the experi-

mental data. The present diffusion data are consistent

with the data for trigylme (TG), tetraglyme (TeG), and

pentaglyme (PG) previously reported above 30 �C. The
measuring temperature range was wider in the present

study, especially with regard to lower temperatures. The

linearized PGSE attenuation plots were all linear except

for the measurements at �40 �C. The non-linearity of
the �40 �C plots (see Fig. 4) indicates non-Fickian dif-

fusive processes suggestive of structural formation.

However, although it is known that lithium ions interact

with DG [18], it is difficult to envisage how such small

(length) scale structural formation could lead to the

PGSE measurement of the Li ion exhibiting restricted

diffusion effects. The positive curvature of the linearized
1H PGSE attenuation plot suggests that the DG mole-
cules are present as multiple components and the anal-

ysis of the data showed that about 10% of the DG
diffuse more slowly, which is attributed to the interac-
tion with the lithium ion. The similarity of the 19F (i.e.,

TFSI) attenuation plot to that of DG, indicates that the

anion diffusion is closely linked to that of DG.

The temperature dependences of the experimental

parameters Rion in Fig. 5 show that RLi is always larger

than RTFSI due to solvation around the lithium ion and

both values increase gradually below 0 �C, which suggests
increasing ion association with decreasing temperature.
By comparing ionic conductivity with ion diffusion co-

efficients at 30 �C, the degree of ion dissociation was

previously determined to be 0.38 at a similar salt con-

centration [26]. We had also reported that Rion becomes

larger as the association of the anion and lithium is

stronger [27]. The experimental finding that RLi and RTFSI

are temperature insensitive above 10 �C suggests that the

interaction of Li-DG and Li-TFSI are similar, but the
gradual increase of RTFSI and large increase of RLi at

lower temperatures are consistent with the stronger sol-

vation of the Li ion at �40 �C. The solvation model for

lithium by DG is that at higher temperatures a lithium

ion diffuses together with one and a half DGmolecules on

average, and the number of DG molecules solvating the

lithium increases as the temperature decreases.
5. Conclusions

Convection is all but inevitable in low viscosity liquid

samples in NMR probes with normal gas flow temper-

ature control. To minimize the deleterious effects of

convection in PGSE-NMR diffusion measurement we

have introduced a novel NMR sample tube with a short

annular sample volume and verified its efficacy using
DG in the temperature range )40–100 �C. By using this

special sample tube, reliable self-diffusion coefficients of

the ions and solvent were measured for a liquid DG-

LiTFSI electrolyte system over a wide temperature. DG-

lithium ion interactions were clearly observed at lower

temperatures. The new NMR sample tubes afford re-

producible control of the sample volume and easy

sample recovery. The small sample volume also helps to
prevent radiation damping artifacts.
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