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The tracer diffusion coefficient,Dw, for water (as HTO) in 28 organic solvents, including 13 esters, benzene,
and 7 substituted benzenes, has been determined at 298.15 K using the diaphragm cell technique. The
variation of the water diffusion coefficient with solvent viscosity (η) is significantly different for the
hydrophobic solvents (benzene and substituted benzenes, cyclohexane, hexane, and tetrachloromethane)
in comparison with the other solvents, in that the Dwη product is significantly larger (average value 3.68
× 10-12 N compared to 1.60 × 10-12 N). The apparent hydrodynamic radius derived from the Stokes-
Einstein equation is about half the molecular radius for water diffusing in the hydrophobic solvents, and
1-1.5 times the molecular radius for diffusion in the other solvents.

Introduction

Tracer diffusion coefficients (D) for solutes at low con-
centrations in various solvents have been determined
experimentally for a wide variety of solutes and solvents.
In addition, several empirical correlations of solute diffu-
sion coefficients with solvent properties have been pro-
posed; these approaches have been discussed at length by
Reid et al. (1977). Although some of the empirical correla-
tions provide reasonably accurate predictions of diffusion
coefficients in general, in the particular case of water as
solute, diffusing (with diffusion coefficient Dw) in organic
liquid solvents, no single empirical correlation has been
particularly successful as a basis for prediction.
The data base for diffusion of water in organic liquids is

relatively small, although Sarram (1971) and Lees and
Sarram (1971) reported measurements on a fairly wide
range of solvents. However, there are very few data for
water diffusion in groups of structurally related compounds
except for straight chain alcohols, so that using existing
data, it is difficult to identify trends in Dw within, for
example, homologous series of compounds as solvents.
The primary objective of the present work was to extend

the range of water diffusion data by measuring the tracer
diffusion coefficient of water in groups of structurally
similar compounds. All of the measurements were done
at 298.15 K, and for the most part the solvents were groups
of related compounds, with particular attention paid to
esters and to substituted benzenes in an attempt to identify
constitutional isomer and substituent effects. Further-
more, the application of the Stokes-Einstein equation to
the case of a small solute diffusing in a solvent with larger
molecular size was of interest.

Experimental Section

Tracer diffusion coefficients of water (as HTO, supplied
by Amersham Radiochemicals) in solvents with nonex-
changeable protons were determined at (298.15 ( 0.02) K
using diaphragm cells with sintered glass diaphragms, and
the associated cell calibration and other standard proce-
dures described by Mills and Woolf (1968). Organic liquids
of AnalaR (or equivalent) quality were used without further
purification. Solvents of lesser purity were fractionally
distilled, and the fractions with boiling point in accordance
with accepted values (Riddick et al., 1986) used for the

measurements. Some of the esters used were synthesized
and purified using the procedures recommended by Vogel
(1966).
Since water is only very slightly soluble in many of the

solvents that were used, a variation on the normal proce-
dure for starting diffusion experiments (that is, injecting
an appropriate volume of tracer into the liquid in the top
compartment of the diaphragm cell) was needed for those
(low solute solubility) cases. In a typical experiment, a
suitable volume (5-50 µL) of HTO was dissolved in about
20 mL of organic solvent to make a tracer solution. The
HTO/solvent tracer solution was then equilibrated, together
with the diaphragm cell about 80% filled with solvent, at
298.15 K. After equilibration, the experiment was started
by rapidly transferring the tracer solution to the top
compartment of the diaphragm cell, topping the cell with
pure solvent and inserting the top plug. The diaphragm
cells used had total volumes on the order of 100 mL, so
the average concentration of HTO in the organic solvent
was about 0.005-0.05% by volume. There is no reason to
expect that the tracer diffusion coefficient of water will be
measurably concentration dependent, at these concentra-
tions.
The standard radiochemical procedures described by

Mills andWoolf (1968) utilizing liquid scintillation counting
were used to analyze top and bottom cell compartment
solutions after diffusion for times that were generally
within 10% of the optimum time: at least 106 counts were
accumulated for each solution. For a few randomly selected
solvents, replicated experiments were done using two
independently calibrated diaphragm cells, as a check on
the accuracy of the overall procedure. The maximum
difference in replicated values of Dw was about 0.5% and
the overall accuracy of the tracer diffusion coefficients is
estimated to be within (1%.
For solvents for which viscosity data were not readily

available, viscosities were measured using a capillary
viscometer that had been calibrated using water and
several organic liquids with accurately known viscosity.
Efflux times were at least 200 s and were determined with
reproducibility (0.05 s. The accuracy of the measured
viscosities is estimated to be within (0.5%.

Results and Discussion

The measured values ofDw are listed in Table 1, together
with water diffusion coefficients (for 298.15 K only) from
the literature, solvent viscosity (η) which was either* Facsimile: 64-9-373-7422. Email: aj.easteal@auckland.ac.nz.
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measured or taken from the compilation by Riddick et al.
(1986), and the Dwη product. Table 1 includes data from
the literature in the case of solvents which provide a useful
comparison with solvents that have been investigated in
the present work. The data for the alcohols have been
included for that reason, for comparison with acetonitrile
and propionitrile specifically, but the table is not a com-
prehensive compilation of tracer diffusion coefficients for
water in nonaqueous solvents. It should be noted that, for
example, diffusion coefficients for water in acetone, tet-
rahydrofuran, and pyridine have been reported by von
Goldammer and Zeidler (1969), but the accuracy of those
data is relatively low and for that reason they have not
been included in the table.
The values reported by Mills (1973) for the tracer

diffusion coefficient for HTO in normal water are about 3%
smaller than self-diffusion data (i.e. the diffusion coefficient
for H2

16O) determined by Harris and Woolf (1980). It
should be noted, however, that this difference is only partly
a manifestation of an isotopic mass effect, because Easteal
et al. (1984) found that the tracer diffusion coefficient for
H2

18O in normal water is within approximately 1% of the
self-diffusion coefficient. Consequently, most of the differ-
ence between the diffusion coefficients for HTO and H2

16O
in water can be ascribed to stronger hydrogen bonding

between T and oxygen from neighboring water molecules
than between H and oxygen. A similar differential hydro-
gen bonding effect can be expected for HTO, compared to
H2

16O, in organic liquids which can form hydrogen bonds
to water; that is the diffusion coefficient of HTO may be
up to about 3% smaller than the diffusion coefficient for
H2

16O. On the other hand, for organic liquids which do
not form hydrogen bonds to water the diffusion coefficient
for HTO is likely to be within 1% of the value for H2

16O.
For example, Weingärtner (1985) found D(HTO) ) 4.115
× 10-9 m2 s-1 and D(H2O) ) 4.07 x 10-9 m2 s-1 in
tetrachloromethane at 25 °C.
In the few cases where a direct comparison with previous

determinations of Dw is possible, the agreement with
literature data is within the combined experimental un-
certainties in the data. For example, for butyl acetate and
toluene, the values of Dw obtained in the present work
differ by about 1.5% and 0.8%, respectively, from the values
reported by Lees and Sarram (1971). Most of the previ-
ously reported diffusion coefficients for water in organic
solvents are for normal water rather than isotopically
substituted water. However, as noted above the difference
between D(HTO) and D(H2O) in a particular solvent is not
likely to exceed about 3%.
The Dwη product for water in the hydrophobic solvents

benzene and benzene derivatives, cyclohexane, hexane, and
tetrachloromethane is up to about 400% larger than for
the other solvents, including the esters in many of which
water has a low solubility. (The term hydrophobic is used
here to denote solvents for which water-solvent intermo-
lecular interactions are primarily repulsive.) For the group
of 12 hydrophobic solventsDwη is in the range 2.80× 10-12

N (hexane) to 4.98× 10-12 N (mesitylene), and the average
value is 3.68 × 10-12 N (with standard deviation (18%).
The largest value of Dwη for the remaining solvents is 45%
smaller than the hydrophobic solvent average value. The
different behavior of the hydrophobic and the remaining
solvents is shown by Figure 1, which, notwithstanding the
scatter of the points about the lines, suggests that the
viscosity dependence of Dw is different for the two groups
of solvents. That is, if the solute diffusion coefficient is

Table 1. Water Diffusion Coefficients at 298.15 K

solvent
103η/Pa

s
109Dw/m2

s-1 ref 1012Dwη/N

ethyl formate 0.379 3.711 a 1.41
methyl acetate 0.364 3.574 a 1.30
ethyl acetate 0.426 4.250 a 1.81
propyl acetate 0.551 3.128 a 1.72
1-methylethyl acetate 0.52 3.091 a 1.61
ethyl propionate 0.501 3.725 a 1.87
butyl acetate 0.686 2.923 a 2.01

2.87 b 1.97
2-methylpropyl acetate 0.651 3.108 a 2.02
1-methylpropyl acetate 0.65 2.640 a 1.72
1,1-dimethylethyl acetate 0.679 1.923 a 1.31
ethyl butyrate 0.613 2.132 a 1.31
pentyl acetate 0.862 2.137 a 1.84
2-methylbutyl acetate 0.790 2.098 a 1.66
benzene 0.603 6.31 a 3.80
toluene 0.553 6.07 a 3.36

6.12 b 3.38
o-xylene 0.756 4.379 a 3.31
m-xylene 0.581 5.53 a 3.21
p-xylene 0.605 5.62 a 3.40
1,3,5-trimethylbenzene 1.039 4.336 a 4.51
2-phenylpropane 0.739 4.895 a 3.62
nitrobenzene 1.778 2.80 b 4.98
-dichlorobenzene 1.324 3.334 a 4.41
formamide 3.302 0.476 a 1.57
-methylformamide 1.65 0.839 a 1.38
-dimethylformamide 0.802 1.817 a 1.46

acetonitrile 0.341 5.78 c 1.97
propionitrile 0.409 4.666 a 1.91
methanol 0.551 2.190 d 1.21
ethanol 1.083 1.132 e 1.23

1.220 f 1.32
1.18 g 1.28

1-propanol 1.943 0.48 h 0.93
acetone 0.303 5.267 i 1.60
dimethyl sulfoxide 1.991 0.899 a 1.79
cyclohexane 0.898 3.404 a 3.06
hexane 0.294 9.53 a 2.80
tetrachloromethane 0.900 4.115 j 3.70
-methylpyrrolidone 1.666 1.003 k 1.67

This work. b Lees and Sarram (1971). c Easteal (1980). d Der-
et al. (1985). e Hammond and Stokes (1953). f Dullien and

Shemilt (1961). g Tominaga and Matsumoto (1990). h Hawlicka
and Grabowski (1992). i Mills and Hertz (1980). j Weingartner
(1985). k te Riele et al. (1995).

Figure 1. Dependence of the water diffusion coefficient on solvent
viscosity: (b) hydrophobic solvents (see text); (9) other solvents.
The lines drawn are best-fit lines calculated by the method of least
squares.
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assumed to be given by a relationship of the form

then for the hydrophobic solvents collectively R ) 0.70,
which is close to the value found by Easteal (1990) for the
tracer diffusion of several solutes in an aqueous sucrose
solution. By contrast, for the group of other solvents R )
1.10, which seems not to be a physically reasonable value
because, to the author’s knowledge, there are no other cases
for which an exponent larger than unity has been found.
The data for the alcohols (methanol and ethanol in

particular) provide an interesting contrast with the data
for the similarly sized, but non-hydrogen bonding, aceto-
nitrile and propionitrile. The Dwη product for the nitriles
is 59% larger than for methanol and ethanol, and it seems
reasonable to attribute this difference to direct or indirect
effects of hydrogen bonding of water to the alcohol mol-
ecules. A similar explanation (invoking strong or weak
intermolecular interactions) was advanced previously by
Easteal and Woolf (1984) to account for the differing
diffusivities of polar and apolar solutes in acetonitrile.
The data for water diffusing in esters as solvents show

some trends that may be attributable to constitutional
isomerism. In the first place, for the isomers ethyl formate
and methyl acetate Dwη has the same value, to within a
few percent. Similarly, for the 5-carbon atom isomers
propyl acetate, 1-methylethyl acetate, and ethyl propionate

is approximately constant, though the average value
is about 28% larger than for the 3-carbon atom isomers.
For the 6-carbon atom isomers, on the other hand, the situ-
ation is more complex. For example, butyl and 1-methyl-
propyl acetate have virtually the same viscosity, but the
values of Dw differ by about 18%. This difference suggests
that the structure of the larger hydrocarbon moiety of the
solvent can affect the diffusive mobility of water even when
the viscosity is unchanged. Also, Dw is 27% smaller for
ethyl butyrate than for butyl acetate, while the viscosity
is also smaller for ethyl butyrate. These data indicate that
there may be a structural effect determined by the position
of the carbonyl group in the ester molecule. For the esters
collectively, the range of values of the Dwη product is
surprisingly large (55% of the smallest value), and while
it is tempting to suggest that the smaller values arise from
relatively strong, specific solute-solvent interactions, it
seems improbable that a group of solvents with such
similar molecular structures would show significant dif-
ferentiation on the basis of strong or weak interactions with
water.
According to the Stokes-Einstein equation

where k is the Boltzmann constant, T is temperature, r is
the effective radius of the solute, and z is either 4 (the
hydrodynamic slip condition) or 6 (stick condition); D
should be inversely proportional to the solution (that is
solvent, in the case of tracer diffusion) viscosity. The
validity of the Stokes-Einstein equation for diffusion of
relatively small solute molecules has been the subject of
much discussion in the literature. One way in which eq 2
has been applied (Tyrrell and Harris, 1984) is to calculate
a “Stokes-Einstein number” defined by

assuming a constant radius for the diffusing molecule. For
this calculation the value of r for water was taken to be
169 pm, as estimated by Edward (1970) from Van der

Waals increments of atoms. The values of n are in the
approximate range 4-6 (corresponding to the “slip” and
“stick” values for z in eq 2) for the nonhydrophobic solvents,
and for the group of hydrophobic solvents n is approxi-
mately 2. As shown in Figure 2, n is almost independent
of viscosity for the nonhydrophobic solvents (though there
is considerable variation in n at constant viscosity).
It has been shown by Pau et al. (1990), for diffusion of

ions in aqueous solution, and by Balucani et al. (1990) that
eq 2 with z ) 4 is the most appropriate form for the
Stokes-Einstein equation. Hawlicka and Grabowski (1992)
concluded that for diffusion of water in 1-propanol + water
solutions, departures from eq 2 with z ) 4 can be ascribed
to the hydrodynamic radius of the diffusing species being
larger than the molecular radius. A hydrodynamic radius,
rh, for water as solute can be calculated from the equation

It is convenient to calculate, instead of rh, the radius ratio
Rh defined by

where rw (Edward’s nomenclature) is the molecular radius
of water, taken to be 169 pm. For the nonhydrophobic
solvents in Table 1, the average value of Rh is 1.26
(standard deviation 0.26; range 0.96-2.08), and for all
solvents except the alcohols Rh is less than 1.5. A possible
interpretation of values of Rh > 1 is that in those cases
the diffusing unit is on average an aggregate of more than
one molecule. A similar conclusion has been reached by
Iwahashi et al. (1986, 1990) in relation to self-diffusion of
alcohols and fatty acids; it was suggested that in both cases
the diffusing unit is on average a dimer. However, for
water diffusing as a tracer in the solvents studied in the
present work, the Rh values greater than unity probably
do not indicate that water is diffusing in part as dimers
and in part as monomers, but rather that translational
motion of the water molecule involves cooperative move-
ment of one or more neighboring solvent molecules. Al-
ternatively, Rh > 1 may be a reflection of retardation of
diffusive motions by strong specific interactions with

Dw ∝ 1/ηR (1)

D ) kT/zπηr (2)

n ) kT/Dwηπr (3)

Figure 2. Dependence of the Stokes-Einstein number for water
diffusion on solvent viscosity. (b) hydrophobic solvents (see text);
(9) other solvents.

rh ) kT/4πηDw (4)

Rh ) rh/rw (5)
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neighboring solvent molecules. Rh values very close to
unity for diffusion in the nitriles, compared to values above
1.5 for the alcohols, tend to support that argument.
Rh values for water diffusion in the hydrophobic solvents

are almost all close to 0.5 (average value 0.54; standard
deviation 0.08; range 0.39-0.69). In these cases the
apparent hydrodynamic radius is about 40-70% of the
molecular radius. The diffusive motions of the solute are
evidently facilitated, perhaps by hydrophobic interaction
of the solute molecules with nearest neighbor solvent
molecules.

Acknowledgment

The author is indebted to the Research School of Physical
Sciences and Engineering, The Australian National Uni-
versity, and in particular to Dr. Lawrie Woolf, for providing
the experimental facilities that were used in this work.

Literature Cited
Balucani, U.; Vallauri, R.; Gaskell, T. Generalised Stokes-Einstein

Equation. Ber. Bunsen-Ges. Phys. Chem. 1990, 94, 261-264.
Derlacki, Z. J.; Easteal, A. J.; Edge, A. V. J.; Woolf, L. A.; Roksandic,

Z. Diffusion Coefficients of Methanol and Water and the Mutual
Diffusion Coefficient in Methanol-Water Solutions at 278 and 298

J. Phys. Chem. 1985, 89, 5318-5322.
Dullien, F. A. L.; Shemilt, L. W. Diffusion Coefficients for the Liquid

System: Ethanol-Water. Can. J. Chem. Eng. 1961, 39, 242-247.
Easteal, A. J. Tracer Diffusion Coefficients of Tritiated Water and

Acetonitrile in Water+Acetonitrile Mixtures. Aust. J. Chem. 1980,
, 1667-1675.

Easteal, A. J. Tracer Diffusion in Aqueous Sucrose and Urea Solutions.
Can. J. Chem. 1990, 86, 1611-1615.

Easteal, A. J.; Woolf, L. A. Solute-Solvent Interaction Effects on Tracer
Diffusion Coefficients. J. Chem. Soc., Faraday Trans. 1 1984, 80,
1287-1295.

Easteal, A. J.; Edge, A. V. J.; Woolf, L. A. Isotope Effects in Water.
Tracer Diffusion Coefficients for H2

18O in Ordinary Water. J. Phys.
Chem. 1984, 88, 6060-6063.

Edward, J. T. Molecular Volumes and the Stokes-Einstein Equation.
J. Chem. Educ. 1970, 57, 261-270.

Hammond, B. R.; Stokes, R. H. Diffusion in Binary Liquid Mixtures.
Part 1. Diffusion Coefficients in the System Ethanol+Water at 25°.
Trans. Faraday Soc. 1953, 40, 890-895.

Harris, K. R.; Woolf, L. A. Pressure and Temperature Dependence of
the Self-Diffusion Coefficient of Water and Oxygen-18 Water. J.
Chem. Soc., Faraday Trans. 1 1980, 76, 377-385.

Hawlicka, E.; Grabowski, R. Self-Diffusion in Water-Alcohol Systems.
3. 1-Propanol-Water Solutions of NaI. J. Phys. Chem. 1992, 96,
1554-1557.

Iwahashi, M.; Ohbu, Y.; Kato, T.; Suzuki, Y.; Yamauchi, K.; Yamaguchi,
Y.; Muramatsu, M. The Dynamical Structure of Normal Alcohols
in Their Liquids as Determined by the Viscosity and Self-Diffusion
Measurements. Bull. Chem. Soc. Jpn. 1986, 59, 3771-3774.

Iwahashi, M.; Yamaguchi, Y.; Ogura, Y.; Suzuki, M. Dynamical
Structures of Normal Alkanes, Alcohols and Fatty Acids in the
Liquid State as Determined by Viscosity, Self-Diffusion Coefficient,
Infra-Red Spectra, and 13C NMR Spin-Lattice Relaxation Time
Measurements. Bull. Chem. Soc. Jpn. 1990, 63, 2154-2158.

Lees, F. R.; Sarram, P. Diffusion Coefficient of Water in Some Organic
Liquids. J. Chem. Eng. Data 1971, 16, 41-44.

Mills, R. Self-Diffusion in Normal and Heavy Water in the Range
1-45°. J. Phys. Chem. 1973, 77, 685-688.

Mills, R.; Woolf, L. A. The Diaphragm Cell; ANU Press: Canberra,
1968.

Mills, R.; Hertz, H. G. Application of the Velocity Cross-Correlation
Method to Binary Nonelectrolyte Mixtures. J. Phys. Chem. 1980,
84, 220-224.

Pau, P. C. F.; Berg, J. O.; McMillan, W. G. Application of Stokes’ Law
to Ions in Aqueous Solution. J. Phys. Chem. 1990, 94, 2671-2679.

Reid, R. C.; Prausnitz, J. M.; Sherwood, T. K. The Properties of Liquids
and Gases, 3rd ed.; McGraw-Hill: New York, 1977; Chapter 11.

Riddick, J. A.; Bunger, W. B.; Sakano, T. K. Organic Solvents. Physical
Properties and Methods of Purification, 4th ed.; Wiley: New York,
1986.

Sarram, P. Diffusion Coefficient of Water in Organic Liquids. Bull.
Iran. Petroleum Inst. 1971, No. 42, 23-27.

te Riele, M. J. M.; Snijder, E. D.; van Swaaij, W. P. M. Diffusion
Coefficients at Infinite Dilution in Water and in N-Methylpyrroli-
done. J. Chem. Eng. Data 1995, 40, 34-36.

Tominaga, T.; Matsumoto, S. Diffusion of Polar and Nonpolar Mol-
ecules in Water and Ethanol. Bull. Chem. Soc. Jpn. 1990, 63, 533-
537.

Tyrrell, H. J. V.; Harris, K. R. Diffusion in Liquids. A Theoretical and
Experimental Study; Butterworths: London, 1984.

Vogel, A. I. Elementary Practical Organic Chemistry, 2nd ed.; Long-
mans: London, 1966.

von Goldammer, E.; Zeidler, M. D. Molecular Motion in Aqueous
Mixtures with Organic Liquids by NMR Relaxation Measurements.
Ber. Bunsen-Ges. Phys. Chem. 1969, 73, 4-15.
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