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Abstract

Accurate measurements of the diffusion coefficients, including an estimate of uncertainty, of various solvent molecules using the PFG-
NMR method were performed in this study. Accurate diffusion coefficients were obtained using the Shigemi NMR tube. The relative
combined standard uncertainties of the diffusion coefficients were found to be within approximately 0.4%. The three uncertainty sources
(signal decay of the standard and the solvent, and diffusion coefficient of standard) equally affect the combined standard uncertainties.
Unreliable data were obtained using a normal NMR tube, indicating that convection and background gradient effects significantly affect-
ed the accurate measurement of the diffusion coefficients.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A powerful tool is required for the detection and identi-
fication of diffusion in a solution on each chemical and bio-
logical field, for example: evaluation of encapsulation [1–7];
highlighting the chemical exchange reaction [8–12]; and the
estimation of size for supramolecular and dendritic materi-
als [13–17]. Since the diffusion coefficient is important for
evaluating the physicochemical properties of a molecule,
it is necessary to determine the coefficient accurately. For
instance, one needs to use a precise diffusion coefficient
to calculate the rate constant of the photochemical bimo-
lecular reaction using a Stern–Volmer type analysis. More-
over, such values are indispensable for the accurate
evaluations in transport studies, rheology, and fluid chem-
istry in both experimental and computational fields.
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The dynamic light scattering (DLS) approach is known
to detect diffusion phenomena of molecules on the 1 nm
scale. On the other hand, the pulsed field gradient nuclear
magnetic resonance (PFG-NMR) spectroscopic method
has recently achieved a developmental stage for the quan-
titative measurement of self-diffusion coefficients. This
method exhibits the potential to provide a mathematical,
and physical method of prediction of diffusion phenomena
for much smaller targets in solution than DLS. In addition,
it is possible to distinguish the individual diffusion compo-
nents by monitoring NMR signals at different chemical
shifts simultaneously [18–20].

In this report, we examined the sources and magnitude
of errors in the PFG-NMR method. At first the interna-
tional guide for the estimation of the uncertainty was
employed, often called GUM, published by the standardi-
zation bodies, such as the Bureau International des Poids et
Mesures (BIPM) and the International Organization for
Standardization (ISO). The difficulty in the estimation of
the diffusion coefficient, measured using the PFG-NMR,
arises from many uncertainty factors including components

mailto:h-kato@aist.go.jp
mailto:s.kinugasa@aist.go.jp


A

B

Fig. 1. Two basic pulse sequences used for measuring diffusion by NMR:
(A) PFGSE; (B) PFGSTE.
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of minor errors. Furthermore, for polymeric sized com-
pounds, one has to consider not only basic parameters but
also complicated effects, such as homonuclear J-evolution
effects and polydispersity. Therefore, first of all, the small
molecules (methanol, ethanol, benzene, dichloromethane,
chloroform, hexane, cyclohexane, and acetonitrile), which
are often used as a solvent, were targeted. We investigated
the accuracy of diffusion coefficients observed using the
PFG-NMR under limited conditions.

In the past a significant number of the published diffu-
sion coefficients for solvent molecules were obtained using
the diaphragm and capillary-cell protocols [21–39], and
PFG-NMR [40–47]. However, the published values exhibit
scatter and are not comparable because the first method
requires tracer isotope molecules. One has to consider the
mass effect which introduces a significant error in the esti-
mation of the diffusion coefficient [21,48]. Even though the
PFG-NMR method can be used to perform direct mea-
surements of the diffusion coefficient without the mass
effect of the tracer isotope, there are considerable convec-
tion effects when one performs the measurement using
non-viscous solvents which exhibit a low boiling point
and heat capacity. To remove such effects, Holz carried
out careful measurements of organic solvents using a spe-
cial temperature controlling system [42,43]. In another
case, to compensate for the convection effect on coherence,
a selection using gradients (a specially designed pulse
sequence) was performed by Keeler and Müller [49]. In
addition, Jokisaari used a spinning method, rotating the
sample tube at a rotation speed of the order of 10 Hz, to
eliminate convection effects [50].

In the high-resolution NMR experiment it is common to
perform experiments without spinning samples for the pur-
pose of minimizing possible vibration instabilities, spinning
side bands and background gradients to make accurate
quantitative observations. Thus, in order to prevent these
effects using normal NMR, we used a Shigemi symmetrical
NMR tube which acts as a thermal insulating system and
increases both accuracy and reproducibility of the diffusion
measurements by reducing the chance of convection in the
sample. It consisted of the same or similar magnetic suscep-
tibility matched glass to solvents [51]. Furthermore, we lim-
ited the height of the sample to 2 mm for all measurements
to reduce the convection effect. One can imagine that
decreasing the sample height leads to a low signal-to-noise
ratio and boundary-induced field inhomogeneity problems
due to the reduction of the sample volume. However, such
magnetic susceptibility controlled glass makes it possible to
avoid such effects.

2. Experimental

NMR measurements were performed on a Varian
UNITYINOVA 600A (14.1 T) spectrometer equipped with
a H-F{X} diffusion probe (DSI-V218, Doty Scientific)
capable of producing magnetic field pulse gradients in the
z-direction of approximately 2528 G cm�1. NMR lock
was not used for all experiments and the temperature was
set at 298.15 K (±0.1). Temperature calibration on the
spectrometer was performed using ethyleneglycol as a stan-
dard. All experiments were carried out using 5 mm o.d.
Shigemi microcell NMR tubes (BMS-005V, CMS-005V,
MMS-005V, and DMS-005V, Shigemi). The sample height
was 2 mm. The diffusion coefficients were calculated using
the Stejskal–Tanner diffusion equation [36], i.e., ln (I/
I0) = � Dc2G2d2(D � d/3) only for data where the correla-
tion coefficient of ln (I/I0) versus c2G2d2 (D � d/3) was high-
er than 0.99. To determine the reliable size of the random
error of the spectral repetitions, a single spectrum of the
solvent was chosen as a target; a more efficient way to
observe the reliability of quantitative results. The individu-
al peak width was between 6 and 10 Hz with an assumed
lognormal probability distribution. A signal-to-point-to-
point noise ratio between 700 and 1200 was employed.

The PFG spin echo (PFGSE) sequence [(p/2)–s–(p)–s–
acquisition] [52,53] was used (see Fig. 1A) in this work.
The PFG stimulated echo (PFGSTE) sequence [(p/2)–s2–
(p/2)–s1–(p/2)–s2–acquisition] [54] is described in Fig. 1B.
Rectangular pulsed gradients of 1 ms duration were incre-
mented from 0 to 70 G cm�1 in 10 steps with 4 averaged
transients. The p/2 pulse widths of 12.90 ls, 100 s relaxa-
tion delay, and 3.5 s acquisition time were predefined.
The interval between the gradient pulses (D) was set to
50 ms.

Water was purified by micro porous filtration using a
water purification system manufactured in Millipore S.A.
Methanol (99.7 atom%), benzene (99.0 atom%), ethanol
(99.0 atom%), cyclohexane (99.0 atom %), hexane (99.0
atom%), acetonitrile (99.0 atom%), dichloromethane (99.0
atom%), and chloroform (99.6 atom%) were purchased
from Wako Pure Chemical Industries.
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3. Calculational method of the diffusion coefficient by

PFG-NMR

Using common Stejscal–Tanner pulse sequences, the
diffusion is characterized by the attenuation of the signal
in the NMR experiment. The attenuation of the PFGSE
and PFGSTE methods in a time-independent gradient
are given, respectively, by:

lnðI=I0Þi ¼ �2s=T 2 � AG2
i ; ð1Þ

lnðI=I0Þi ¼ �s1=T 1 � 2s2=T 2 � ln 2� AG2
i ; ð2Þ

and

A ¼ �aDc2d2ðD� d=3Þ; ð3Þ

where I/I0 is the ratio between observed intensities (I) and
the intensities for a single pulse (I0), s1 is the time between
the second and third pulses, s2 (s) is the time between the
first two pulses, T1 is the longitudinal relaxation time, T2

is the transverse relaxation time, D is the diffusion coeffi-
cient without standardization, c is the gyromagnetic ratio,
d is the gradient pulse length, D is the time between the
start of the first gradient pulse and the start of the second,
i is the sampling number, G is the gradient strength, and a
is standardization parameter (this parameter is optimized
by water as follows method). The negative slope in the plot
of the logarithmic signal vs. G2 represents the diffusion
coefficient D as a consequence of Gaussian propagation
using Eq. (3).

lnðIH2O=I0;H2OÞi ¼ �2sH2O=T 2;H2O � AH2OG2
i;H2O; ð4Þ

AH2O ¼ �aDH2Oc2d2
H2O DH2O � dH2O=3ð Þ; ð5Þ

Dsample ¼
AsampleDH2O;refd

2
H2OðDH2O � dH2OÞ=3

d2
sampleðDsample � dsample=3ÞAH2O

; ð6Þ

where Dsample is the true diffusion coefficient of the solvent
after correction, DH2O is the diffusion coefficient of water
without correction, DH2O;ref is the diffusion coefficient of
water in the literature (2.299 · 10�9 m2 s�1) and Asample is
the slope of the sample in Eqs. (1) or (2). As for the calibra-
tion for a, initially one must measure the diffusion coeffi-
cient of water without standardization using Eq. (1) (see
Eqs. (4) and (5), where the subscript denotes sample name).
Using the observed DH2O, one can obtain the corrected,
or true diffusion coefficient of the solvents (Dsample) using
Eq. (6).

Dsample ¼ Asample
DH2O;ref

AH2O

. ð7Þ

If one uses the same value of D and d in both measure-
ments of water and the sample, Eq. (4) reduces to
Eq. (7), where AH2O is the slope of the water in
Eqs. (1) or (2).

In this work, the examination of all of the above param-
eters for the PFGSE method was performed.
4. Concept (identifying and analyzing uncertainty sources)

4.1. Gradient pulse length (d)

Since d is equal to g1, which is the gradient pulse length,
the experimental standard deviation of d observed for
repeated measurements is given by

r2ðdÞ ¼ r2ðg1Þ. ð8Þ
The standard uncertainly of d defined according to the

GUM is the same as the standard deviation of d. The esti-
mated value of the time variation was found to be 12.5 ns
for the NMR instrument. Thus the standard deviation of
d was calculated using the assumption of a rectangular dis-
tribution for that variation, i.e., 12:5 ns=

ffiffiffi
3
p
¼ 7:22 ns.
4.2. Interval between gradient pulses (D)

In the PFGSE method, D is the sum of g1, d2, pw, and d3.
On the other hand, as with the PFGSTE method, D is com-
prised of g1, d2, pw, p2, d5, and d3, where g1 is equal to d, d2

is the time between the end of the first gradient and the sec-
ond pulse, pw is the second (PFGSE) and the third (PFG-
STE) pulse length, p2 is the second pulse length for
PFGSTE method, d5 is the time between the second and
the third pulse, and d3 is the time between the last pulse
and the second gradient.

r2ðDÞ ¼ r2ðg1Þ þ r2ðd2Þ þ r2ðpwÞ þ r2ðd3Þ; ð9aÞ
r2ðDÞ¼ r2ðg1Þþr2ðd2Þþr2ðp2Þþr2ðd5Þþr2ðpwÞþr2ðd3Þ.

ð9bÞ

The standard deviation of D, or standard uncertainly, is
represented by Eq. (9a) for PFGSE and Eq. (9b) for
PFGSTE.

The time variations are 25.0 and 30.6 ns by Eqs. 9a and
9b, respectively. Therefore, the respective standard devia-
tions are 14.4 and 17.6 ns, due to the rectangular distribu-
tion assumption.

4.3. Slope of water attenuation ðAH2OÞ

The diffusion coefficient of water DH2O is calculated by

lnðI=I0Þi;H2O ¼ �2s=T 2;H2O � AH2OG2
i . ð10Þ

Using the linear least-squares fitting procedures in the
PFGSE method, one can first calculate AH2O as the slope
of the fitting line of the plot of experimental values of
lnðI=I0Þi;H2O as a function of Gi. The uncertainty of AH2O

arises from the deviation of the experimental data points
from the linear least-squares line.

rðAH2OÞ ¼
sy=xðAH2OÞP

i G2
i � G2

i

� �2
� �0:5

; ð11Þ
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where

sy=xðAH2OÞ
Pn

J¼1 lnðI=I0ÞH2O � lnðI=Î0ÞH2O

h i2

n� 2

8><
>:

9>=
>;

0:5

. ð12Þ

The uncertainty of AH2O is calculated by Eqs. (11) and
(12).

4.4. Diffusion coefficient of water ðDH2O;refÞ

In this work we used H2O ðDH2O;ref : 2:299�
10�9 m2 s�1Þ as a standard. Mill estimated the uncertainty
of the value for water ðrðDH2O;refÞÞ as 0.3% [21]. There-
fore, we used this value as the standard deviation of
DH2O;ref . Since there is no additional information about
the uncertainty value, a rectangular distribution is
assumed and the standard deviation or standard uncer-
tainly is defined as 0.398 · 10�11.

4.5. Slope of sample attenuation (Asample)

The standard deviation or standard uncertainty of Asam-

ple; r(Asample)) in Eqs. (1) and (2) is estimated by the follow-
ing equations for the linear least square fitting procedures,
which is the same for AH2O.

rðAsampleÞ ¼
sy=xðAsampleÞP
i G2

i � G2
i

� �2
� �0:5

; ð13Þ

where

sy=xðAsampleÞ ¼
P2

j¼1 lnðI=I0Þsample � lnðI=Î0Þsample

h i2

n� 2

8><
>:

9>=
>;

0:5

.

ð14Þ
4.6. Calculation of the combined standard uncertainty of D

For both PFGSE and PFGSTE, the standard uncertain-
ty of Dsample is calculated by

r2ðDsampleÞ¼
o2ðDsampleÞ
o2ðAsampleÞ

r2ðAsampleÞ

þ o2ðDsampleÞ
o2ðDH2O;refÞ

r2ðDH2O;refÞþ
o2ðDsampleÞ
o2ðdH2OÞ

r2ðdH2OÞ

þo
2ðDsampleÞ
o2ðDH2OÞ

r2ðDH2OÞþ
o

2ðDsampleÞ
o2ðAH2OÞ

r2ðAH2OÞ

þo
2ðDsampleÞ

o
2ðdsampleÞ

r2ðdsampleÞþ
o

2ðDsampleÞ
o

2ðDsampleÞ
r2ðDsampleÞ:

ð15aÞ

Eq. (15a) results from Eq. (15b) as follows:
r2ðDsampleÞ¼
DH2O;refd

2
H2OðDH2O�dH2O=3Þ

d2
sampleðDsample�dsample=3ÞAH2O

 !2

r2ðAsampleÞ

þ
Asampled

2
H2OðDH2O�dH2O=3Þ

d2
sampleðDsample�dsample=3ÞAH2O

 !2

r2ðDH2O;refÞ

þ 2AsampleDH2O;refdH2OðDH2O�dH2O=3Þ
d2

sampleðDsample�dsample=3ÞAH2O

 

�
AsampleDH2O;refd

2
H2O

3d2
sampleðDsample�dsample=3ÞAH2O

!2

r2ðdH2OÞ

þ
AsampleDH2O;refd

2
H2O

d2
sampleðDsample�dsample=3ÞDH2O

 !2

r2ðDH2OÞ

þ
AsampleDH2O;refd

2
H2OðDH2O�dH2O=3Þ

d2
sampleðDsample�dsample=3ÞAH2O

 !2

r2ðAH2OÞ

þ �
2AsampleDH2O;refd

2
H2OðDH2O�dH2O=3Þ

d3
sampleðDsample�dsample=3ÞAH2O

 

þ
AsampleDH2O;refd

2
H2OðDH2O�dH2O=3Þ

3d2
sampleðDsample�dsample=3Þ2AH2O

!
r2ðdsampleÞ

þ
AsampleDH2O;refd

2
H2OðDH2O�dH2O=3Þ

d2
sampleðDsample�dsample=3Þ2AH2O

 !2

r2ðDsampleÞ.

ð15bÞ

If one uses the same value of D and d in both measure-
ments of water and the sample, Eq. (15b) changes to Eq.
(16) as follows:

r2ðDsampleÞ¼
DH2O;ref

AH2O

� �2

r2ðAsampleÞþ
Asample

AH2O

� �2

r2ðDH2O;ref Þ

þ 2AsampleDH2O;ref

dsampleAH2O

� AsampleDH2O;ref

3ðDsample�dsample=3ÞAH2O

� �2

ðdH2OÞ

þ AsampleDH2O;ref

ðDsample�dsample=3ÞAH2O

� �2

r2ðDH2OÞ

þ DH2O;ref Asample

A2
H2O

 !2

r2ðAH2OÞ

þ �2AsampleDH2O;ref

dsampleAH2O

þ AsampleDH2O;ref

3ðDsample�dsample=3ÞAH2O

� �2

r2ðdsampleÞ

þ AsampleDH2O;ref

Dsample�ðdsample=3ÞAH2O

� �2

r2ðDsampleÞ.

ð16Þ
5. Results and discussion

Table 1 shows the results of self-diffusion coefficients
and the associated uncertainties for the various solvents.
Most of the uncertainties are within approximately 0.4%.
Let us consider the contribution of different sources of
uncertainty. Since Eq. (16) was used to estimate the uncer-
tainties there are no contributions from d and D, i.e.,
0.000722% for the uncertainty of d and 0.00143% for the
uncertainty of D. Fig. 2 represents the uncertainty contri-
bution of different sources to that of the self-diffusion coef-
ficients of the measured solvents. Checking the size of the



Table 1
Self-diffusion coefficients of the various solvents and the corresponding
standard uncertainties (in bracket)

Solvent Asample (m2 s/T) Dsample (m2/s)

Water �6.0392 (0.013042) 2.299 · 10�9 (0.398 · 10�11)a

Benzene �5.7537 (0.007034) 2.219 · 10�9 (0.663 · 10�11)
Methanol �5.9494 (0.007146) 2.295 · 10�9(0.683 · 10�11)
Ethanol �2.7728 (0.003482) 1.070 · 10�9 (0.321 · 10�11)
Chloroform �6.0444 (0.038788) 2.332 · 10�9 (1.61 · 10�11)
Cyclohexane �3.7757 (0.011125) 1.457 · 10�9 (0.581 · 10�11)
Acetonitrile �11.122 (0.025962) 4.291 · 10�9 (1.53 · 10�11)
Dichloromethane �9.0243 (0.020827) 3.482 · 10�9 (1.24 · 10�11)
Hexane �11.101 (0.027534) 4.283 · 10�9 (1.57 · 10�11)

a Given in [5] and see text.
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Fig. 2. Uncertainty contribution of the self-diffusion coefficients of the
various solvents.

Fig. 3. Uncertainty contribution to the self-diffusion coefficients of the
various solvents using a normal 5 mm NMR tube.
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contribution, three main uncertainty sources equally affect
the total standard uncertainty of Dsample, with the excep-
tion for chloroform. The large uncertainty of the diffusion
coefficient of chloroform arises from the uncertainty of
Asample. This might come from a small radiation damping
effect because chloroform has a higher density than the
other solvents.

In contrast to this observation, Table 2 and Fig. 3 show
different phenomena for a normal NMR tube. The uncer-
tainties of the self-diffusion coefficients of the three solvents
measured with a normal NMR tube are approximately five
times larger than the values measured with the Shigemi
NMR tube. In addition, the measured values are signifi-
Table 2
Self-diffusion coefficients and standard uncertainties for the normal 5 mm
NMR tube

Solvent Asample (m2 s/T) Dsample (m2/s)

Water �5.8043 (0.03966) 2.299 · 10�9 (0.398 · 10�11)a

Benzene �5.7626 (0.07331) 2.3133 · 10�9(3.319 · 10�11)
Methanol �6.4885 (0.05000) 2.605 · 10�9 (2.684 · 10�11)
Chloroform �5.5443 (0.1903) 2.226 · 10�9 (7.697 · 10�11)

a Given in [5] and see text.
cantly different from those taken with the Shigemi NMR
tube. For methanol, the difference between the measured
self-diffusion coefficient of the Shigemi NMR tube and that
with the normal tube is almost 13.5%. On the other hand,
the differences of benzene and chloroform are about 4.5%.
These findings could correlate with the order of the Prandtl
numbers, factors relating to the Rayleigh–Bénard convec-
tion, i.e., 81.7 for benzene, 28.3 for methanol, and 71.9
for chloroform [55]. This result could be caused by the
effect of the convection of the solvent. The existence of con-
vection effects was confirmed by measuring the diffusion
coefficient with increasing D [51,56]. When we measured
the self-diffusion coefficients of benzene for D set to 50
and 100 ms, the observed difference for those two D was
almost 0.4% when using the Shigemi NMR tube. Using
the normal NMR tube, the observed difference of the diffu-
sion coefficients of benzene is 16.4% between D = 50 ms
and D = 100 ms. This finding indicates that convection
can significantly affect the measurement of self-diffusion
coefficients. The largest uncertainty contribution to the
self-diffusion coefficient is caused by the uncertainty of
Fig. 4. PFG-NMR attenuation plots for benzene measured with Shigemi-
and normal-NMR tubes.



Table 3
Self-diffusion coefficients of the various solvents (D · 10�9 m2/s)a

Solvent This work Other reference value (diaphragm, capillary-cell) Other reference value (NMR)

Water Calibration 2.2991 [21]
Benzene 2.219 2.15[22], 2.13[23], 2.21[24], 2.231[25], 2.18[27], 2.27[28], 2.207[29] 2.26[40], 2.21[42], 2.1[45]
MeOH 2.295 2.34[24], 2.21[26], 2.37[27], 2.32[30], 2.27[31], 2.425[32] 3.50[41], 2.41[42], 2.415[43], 2.3[45]
EtOH 1.070 1.05[22], 1.02[24,27], 1.01[30] 1.08[42], 1.07[43], 1.0[45], 1.085[47]
CHCl3 2.332 2.42[33] 2.83[41]
Cyclohexane 1.457 1.475[34], 1.43[35] 1.47[40], 1.42[43]
Acetonitrile 4.291 4.34[36], 5.4[37] 4.37[42], 4.39[43]
Dichloromethane 3.482 4.00[44]
Hexane 4.283 4.13[38], 4.263[39] 4.25[43], 4.2[45], 4.21[46]

a References in brackets.
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Asample as given in Fig. 3, where data was measured with
the normal NMR tube, are presented. In contrast to
Fig. 1, the contribution of the uncertainty of DH2O;ref is
low. This means the uncertainty of t, the diffusion coeffi-
cient measured using the normal NMR tube, is quite large
because of the convection effects. Thus, the observed diffu-
sion coefficients are not reliable. Fig. 4 clearly illustrates the
cause of the difference in the uncertainty of Asample between
the Shigemi tube and the normal tube for benzene. The
data measured with the latter tube exhibits a concave curve
in contrast to that measured using the former tube.

The self-diffusion coefficients of the solvent molecules
together with the estimated values of the earlier works
are summarized in Table 3. However, one can say that
choosing the primary reference value is quite important
for PFG-NMR measurements. In such a case, what must
be done is to use the literature value of the diffusion coef-
ficient of water or benzene. The former value was obtained
from mass extrapolation, but was examined so carefully
[21,48] that one can assume that the result is reliable. The
latter has small mass effects and therefore, the tracer
method should show a small deviation [57]. Although there
are many measurements of the diffusion coefficient of ben-
zene from [22–30], we measured the self-diffusion coeffi-
cient of benzene using water as a reference. Our result
showed that the Mills et al. data [29] is the most reliable
since the value the authors report is within the standard
uncertainty. Our observed values are systematically
approximately 2% lower than the Holz et al. data [43], with
the exception of methanol (5%). However, these values are
comparable to each other and useful since the data is of
cyclohexane, acetonitrile, dichloromethane, and hexane;
the most available solvents in photochemistry and there
are not much utilized data of for those solvents.

The background gradients effect problem affects the
determination of the diffusion coefficient [58] caused by
short height of sample, however the difference of the diffu-
sion coefficients at the measurements for a different sample
thickness from 2 to 1 mm is less than 0.04%. The estima-
tion of the contribution of this uncertainty is quite compli-
cated, since this contains not only uncertainty of
background gradients effect but also those of convection
and RF inhomogeneity artifact effects. Therefore, the
detailed discussion on this effect has not done in this work.

6. Conclusions

The determination of diffusion coefficients using the
PFG-NMR method for the molecules of common sol-
vents, has been outlined in this work. The five main
uncertainty sources AH2O, Asample, DH2O;ref , d, and D) were
chosen in order to estimate the total standard uncertain-
ty of Dsample. In this paper we outlined the measurement
procedure and the estimation of the uncertainties of the
self-diffusion coefficient for methanol, ethanol, benzene,
dichloromethane, chloroform, hexane, cyclohexane, and
acetonitrile. Using the Shigemi NMR tubes, we success-
fully performed accurate measurements of the known
solvents, with an accurate evaluation of the uncertainty;
where the total standard uncertainties were found to be
approximately 0.4%, with the exception of chloroform.
In these measurements, the three uncertain sources
AH2O, Asample, and DH2O;ref equally affect the total stan-
dard uncertainty of Dsample in the measurement of the
self-diffusion coefficient. The uncertainties in the self-dif-
fusion coefficients measured with a normal NMR tube
are larger than those of the Shigemi NMR tube because
of the larger uncertainty of AH2O and Asample in the nor-
mal NMR tube. This result might arise from convection
effects due to the assumption of Rayleigh–Bénard con-
vection. It is suggested that the refined measurement
procedure employed in this study to measure the diffu-
sion coefficients, using the PFG-NMR method, is a sig-
nificant improvement for the precise evaluation of
transport and chemical reaction phenomena in a solution
in both the experimental and computational fields of
study.
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moieties within branched star polymers: effect of chain length and
solvent on site isolation, J. Am. Chem. Soc. 123 (2001) 18–25.

[8] A. Chen, C.S. Johnson Jr., M. Lin, M.J. Shapiro, Chemical exchange in
diffusion NMR experiments, J. Am. Chem. Soc. 120 (1998) 9094–9095.
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[17] H. Ihre, A. Hult, E. Söderlind, Synthesis, characterization, and 1H
NMR self-diffusion studies of dendritic aliphatic polyesters based on
2,2-bis(hydroxymethyl)propionic acid and 1,1,1-Tris(hydroxyphe-
nyl)ethane, J. Am. Chem. Soc. 118 (1996) 6388–6395.

[18] L. Avram, Y. Cohen, Diffusion measurements for molecular capsules:
pulse sequences effect on water signal decay, J. Am. Chem. Soc. 127
(2005) 5714–5719.

[19] A. Chen, M.J. Shapriro, NOE pumping: a novel NMR technique for
identification of compounds with binding affinity to macromolecules,
J. Am. Chem. Soc. 120 (1998) 10258–10259.

[20] H. Seki, Y. Sei, K. Shikii, S. Shimotakahara, H. Utsumi, K.
Yamaguchi, M. Tashiro, Application of difference NOE-pumping
NMR technique and cold-spray ionization mass spectrometry to
identify a ligand binding with a protein receptor, Anal. Sci. 20 (2004)
1467–1470.

[21] R. Mills, Self-diffusion in normal and heavy water in the range
1–45deg, J. Phys. Chem. 77 (1973) 685–688.

[22] K. Graupner, E.R.S. Winter, J. Chem. Soc. (1952) 145.
[23] H. Hiraoka, Y. Izui, J. Osugi, W. Jono, Rev. Phys. Chem., Jpn. 28

(1958) 61.
[24] R.E. Rathbun, A.L. Babb, Self-diffusion in liquid. III. Temperature

dependence in pure liquid, J. Phys. Chem. 65 (1961) 1072–1074.
[25] R. Mills, Ber. Bunsenges. Phys. Chem. 75 (1971) 195.
[26] H. Hiraoka, J. Osugi, W. Jono, Rev. Phys. Chem., Jpn. 28 (1958) 52.
[27] P.A. Johnson, A.L. Babb, Self-diffusion in liquids. 1. Concentration

dependence in ideal and non-ideal binary solutions, J. Phys. Chem. 60
(1956) 14–19.

[28] D.R. Falcone, D.C. Douglass, D.W. McCall, Self-diffusion in
benzene, J. Phys. Chem. 71 (1967) 2754–2755.

[29] A.F. Colling, R. Mills, Temperature-dependence of self-diffusion for
benzene and carbon tetrachloride, J. Chem. Soc. Faraday Soc. 66
(1970) 2761–2766.

[30] J.R. Partington, R.F. Hudson, K.W. Bagnall, Self diffusion of a series
of aliphatic alcohols, J. Chem. Phys. 55 (1958) 77–82.

[31] J.R. Partington, R.F. Hudson, K.W. Bagnall, Self-diffusion of
aliphatic alcohols, Nature 169 (1952) 583–584.

[32] R.L. Hurle, L.A. Woolf, Self-diffusion in monohydric alcohols under
pressure, J. Chem. Soc., Faraday Trans. 1 81 (1985) 769–779.

[33] A.P. Hardt, D.K. Anderson, R. Rathbun, B.W. Mar, A.L. Babb,
Self-diffusion in liquids. II. Comparison between mutual and self-
diffusion coefficients, J. Phys. Chem. 63 (1959) 2059–2061.

[34] R. Mills, The intradiffusion1,2 and derived frictional coefficients for
benzene and cyclohexane in their mixtures at 25�, J. Phys. Chem 69
(1965) 3116–3119.

[35] M.V. Kulkarni, P.A. Lyons, Diffusion in carbon tetrachloride-
cyclohexane solutions, J. Phys. Chem. 69 (1965) 2491–2493.

[36] (a) R.L. Hurle, L.A. Woolf, Self-diffusion in liquid acetonitrile under
pressure, J. Chem. Soc., Faraday Trans. 1 78 (1982) 2233–2238;
(b) E. Hawlicka, R. Grabowski, Ber. Bunsenges. Phys. Chem. 94
(1990) 486.

[37] M.D. Zeidler, Ber. Bunsenges. Phys. Chem. 69 (1965) 659.
[38] J.C. Shieh, P.A. Lyons, Transport properties of liquid n-alkanes,

J. Phys. Chem. 73 (1969) 3258–3264.
[39] K.R. Harris, C.K.N. Pua, P.J. Dunlop, Mutual and tracer diffusion

coefficients and frictional coefficients for the systems benzene-chloro-
benzene, benzene-n-hexane, and benzene-n-heptane at 25deg, J. Phys.
Chem. 74 (1970) 3518–3529.

[40] T. Kato, Determination of velocity correlation coefficients in aqueous
solutions of 2-butoxyethanol by quasi-elastic light scattering, pulsed-
gradient FT-NMR, and Rayleigh-Brillouin scattering, J. Phys. Chem.
89 (1985) 5750–5755.

[41] H.S. Sandhu, Coefficient of self-diffusion in liquids using pulsed
NMR techniques, J. Magn. Reson. 17 (1975) 34–40.

[42] M. Holz, X. Mao, D. Deiferling, A. Sacco, Experimental study of
dynamic isotope effects in molecular liquids: Detection of translation-
rotation coupling, J. Chem. Phys. 104 (1996) 669–679.
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