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Electrical conductivity and mutual diffusion coefficients of aqueous solutions of two ephedrine enantiomers
((1S,2R)-(+)-ephedrine hydrochloride and (1R,2S)-(-)-ephedrine hydrochloride), at a concentration range
of (0 to 0.17) mol ·dm-3 and (0.001 to 0.01) mol ·dm-3, respectively) have been measured. The effect of
temperature, ranging from (298.15 to 323.15) K, has also been studied. The experimental data of electrical
conductivity follow the Kohlrausch equation, and the hydration radius of ephedrines can be calculated from
Walden rule equation. Τhe activation enthalpies of the transport process for ephedrine cations, (1R,2S)-
(-)-ephedrine and (1S,2R)-(+)-ephedrine, 7.4 (( 0.5) kJ ·mol-1 and 19.3 (( 0.4) kJ ·mol-1, respectively,
show a slight discrimination between both enantiomers. The experimental data are discussed on the basis of
the Onsager-Fuoss model. The Nernst diffusion coefficients for (1R,2S)-(-)- and (1S,2R)-(+)-ephedrine
hydrochloride in water, at (298.15 and 310.15) K, derived from conductance and from diffusion experiments
are in good agreement.

1. Introduction

Ephedrine is an alkaloid extract from Ephedra or Ma Huang
(Ephedra sinica) species. Ephedrine and ephedrine derivatives
(e.g., methylephedrine and norephedrine) are sympathomimetic
amines known to have central nervous system stimulating
properties,1 producing excitement and euphoria and increasing
motor activity,2 which has direct effects on the regulations of
the World Anti-Doping Agency (WADA). However, ephedrines
are also used as a major active component in medications for
the treatment of nasal congestion,3 asthma, and obesity.4 As a
consequence of a widespread use of ephedrine, it has been
necessary to develop analytical techniques for their reliable
detection, including different hyphenated techniques, such as
gas chromatography/mass spectrometry,5 gas chromatography/
electron ionization mass spectrometry,6 and liquid chromatog-
raphy/mass spectrometry/mass spectrometry.7 Another important
characteristic of ephedrines is the existence on their structure
of two chiral centers, with the corresponding four isomers:
(1S,2R)-(+)-ephedrine, (1R,2S)-(-)-ephedrine, (1S,2S)-(+)-
pseudoephedrine, and (1R,2R)-(-)-pseudoephedrine.8 These
chiral properties make ephedrine an interesting model for the
development of sensors9-11 and molecular imprinted polymers
for chiral recognition.12-15 Despite the above-mentioned ap-
plications of ephedrines, no information on transport properties
of these compounds is available.

Transport properties, such as electrical conductivity and
diffusion coefficients, will help to better understand the structure
of drug-solvent and drug-drug interactions in aqueous
solutions16-19 and thus contribute to the development and
analysis of the behavior of ephedrine in the biological fluids,

where water is the major solvent, as well as for the development
of new sensors.

In the present work, electrical conductances and mutual
diffusion coefficients (D) of aqueous solutions of (+)- and (-)-
ephedrine, at the temperatures from (283.15 to 323.15) K and
(298.15 and 310.15) K, respectively, are reported. Molecular
dynamic simulations of ephedrine enantiomers will help to
establish a relationship between the experimental data and the
structure of solutions.

From the experimental results of conductivities and from the
mean distance of closest approach, computed from molecular
dynamic simulations (MDS’s), diffusion coefficients of ephe-
drines, by using the Onsager-Fuoss model, are estimated and
compared with experimental D values.

2. Experimental Section

2.1. Materials. (1R,2S)-(-)-Ephedrine hydrochloride (99 %)
and (1S,2R)-(+)-ephedrine hydrochloride (99 %), Scheme 1,
were purchased from Sigma-Aldrich and were used without
further purification. The solutions for the conductivity and
diffusion measurements were prepared in calibrated volumetric
flasks using Millipore-Q water. The solute was weighed using
a Scaltec SBC22 balance with a resolution of ( 0.00001 g.

2.2. Electrical Conductance Measurements. Solution electri-
cal resistances were measured with a Wayne-Kerr model 4265
automatic LCR meter at 1 kHz. A Shedlovsky type conductance
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cell, with a cell constant of 0.1002 cm-1, was used.20 Cell
constants were determined from measurements with KCl
(reagent grade, recrystallized, and dried) using the procedure
and data of Barthel et al.21 Measurements were taken at
temperatures ranging from (283.15 to 323.15) K (( 0.02 K) in
a HAAKE Phoenix II P2 thermostat bath. Solutions were always
used within 12 h of preparation. In a typical experiment, 20.0
mL of water was placed in the conductivity cell; then, aliquots
of the ephedrine solutions were added in a stepwise manner
using a Metrohm 765 Dosimate micropipet. The conductance
of the solution was measured after each addition and corresponds
to the average of three ionic conductances (with the uncertainty
less than 0.2 %).22 The time necessary to obtain the thermostatic
equilibrium and the corresponding electrical resistance values
is controlled through homemade software.

2.3. Mutual Diffusion Coefficient Measurements. An open-
ended capillary cell, which has been used to obtain mutual
diffusion coefficients for a wide variety of electrolytes, is
described in great detail in previous papers.23-27 Basically, this
consists of two vertical capillaries each closed at one end by a
platinum electrode and positioned one above the other with the
open ends separated by a distance of about 14 mm. The upper
and lower tubes, initially filled with solutions of concentrations
of 0.75c and 1.25c, respectively, are surrounded with a solution
of concentration c. This ambient solution is contained in a glass
tank, (200 × 140 × 60) mm, immersed in a thermostat bath at
25 °C. Perspex sheets divide the tank internally, and a glass
stirrer creates a slow lateral flow of ambient solution across the
open ends of the capillaries. Experimental conditions are such
that the concentration at each of the open ends is equal to the
ambient solution value c; that is, the physical length of the
capillary tube coincides with the diffusion path. This means that
the required boundary conditions described in the literature to
solve Fick’s second law of diffusion are applicable. Therefore,
the so-called ∆l effect is reduced to negligible proportions. In
our manually operated apparatus, diffusion is followed by
measuring the ratio w ) Rt/Rb of resistances Rt and Rb of the
upper and lower tubes by an alternating current transformer
bridge. In our automatic apparatus, w is measured by a Solartron
digital voltmeter (DVM) 7061 with 6 1/2 digits. A power source
(Bradley Electronic model 232) supplies a 30 V sinusoidal signal
at 4 kHz (stable to within 0.1 mV) to a potential divider that
applies a 250 mV signal to the platinum electrodes in the top
and bottom capillaries. By measuring the voltages V′ and V′′
from top and bottom electrodes to a central electrode at ground
potential in a fraction of a second, the DVM calculates w.

To measure the differential diffusion coefficient D at a given
concentration c, the bulk solution of concentration c is prepared
by mixing 1 L of “top” solution with 1 L of “bottom” solution,
measured accurately. The glass tank and the two capillaries are
filled with c solution, immersed in the thermostat, and allowed
to come to thermal equilibrium. The resistance ratio w ) w∞
measured under these conditions (with solutions in both
capillaries at concentration c) accurately gives the quantity τ∞
) 104/(1 + w∞).

The capillaries are filled with the “top” and “bottom”
solutions, which are then allowed to diffuse into the “bulk”
solution. Resistance ratio readings are taken at various recorded
times, beginning 1000 min after the start of the experiment, to
determine the quantity τ ) 104/(1 + w) as τ approaches τ∞.
The diffusion coefficient is evaluated using a linear least-squares
procedure to fit the data, and finally, an iterative process is
applied using 20 terms of the expansion series of Fick’s second

law for the present boundary conditions. The theory developed
for the cell has been described elsewhere.23

2.4. Molecular Dynamics Simulations (MDS’s). An MDS
for both (1R,2S)-(-)- and (1S,2R)-(+)-ephedrine isomers sur-
rounded, respectively, by 2989 and 3004 water molecules at T
) 298.15 K and T ) 310.15 K has been performed. Since the
ephedrine is expected to be in its ionic form, the Cl- counterion
was added to the solution. All of the simulations have used the
GROMACS package,28 while the force field was built as
follows: (i) the Topolbuild program (version 1.2.1) was em-
ployed to generate the ephedrine topology within the generalized
assisted model building with energy refinement (AMBER) force
field (so-called GAFF29); (ii) charges in the atoms were cal-
culated at the HF/6-31G* level of theory, according to the usual
procedure for the AMBER force field;30-33 (iii) then, the water
molecules and the counterion were added to fulfill the simulation
box; (iv) the SPC/E (extended simple point charge model)
potential34,35 has been used for the water molecules.

The simulations were carried out in a cubic box (∼45 · 10-10

m per edge) with periodic boundary conditions and a cutoff
radius of 15 ·10-10 m (12 ·10-10 m) for Coulomb (van der Waals)
interactions; the density of the solution is fixed at 0.99 g · cm-3.
After an initial energy minimization, the equations of motion
were integrated with a step of 1 fs during a total of 4400 ps;
the first 23 % of the trajectory is assumed as the equilibration
part of the simulation, and hence, the analysis was performed
only over the last 3400 ps (i.e., the production part). The average
temperature was kept constant by coupling the system with a Nosé-
Hoover thermostat36 (with the period τT of the oscillations of kinetic
energy between the system and the reservoir of 1 ps).

From the present simulations, we have obtained the mean
distance of closest approach of ephedrine hydrochloride. Another
important structural quantity that has been extracted from the
MDS is the radial distribution function (RDF); this is particularly
important to get insight about the structure of the water
surrounding the ephedrine species.

3. Experimental Results and Discussion

3.1. Electrical ConductiWities. The molar conductivities, Λ,
of (1R,2S)-(-)-ephedrine hydrochloride, (-)-eph, and (1S,2R)-
(+)-ephedrine hydrochloride, (+)-eph, are calculated using

Λ )
(κ - κ0)·1000

c
(1)

where κ and κ0 are the specific electrical conductances, in
S · cm-1, of ephedrine aqueous solution and solvent, respectively,
and c is the molar concentration in mol ·dm-3. Tables 1 and 2 show
the molar conductivities of (-)-eph and (+)-eph, respectively, at
different temperatures ranging from 283.15 to 323.15 K.

The molar conductivity data show a linear relationship, in
the concentration range (1.84 to 16.67) ·10-3 mol · dm-3, with
the square root of concentration of ephedrine, in agreement
with the Kohlrausch equation37

Λ ) Λ0 - A·c1/2 (2)

where Λ0 is the molar conductivity at infinite dilution of
ephedrine hydrochloride and A is a function of the dielectric
constant and viscosity of the medium, temperature, and the
radius of the “ionic atmosphere”. The fitting parameters of
experimental data of Λ to eq 2, for both ephedrine hydrochloride
enantiomers and temperatures, are reported in Table 3. These
parameters were obtained by a least-squares linear regression
method using Origin 7.5 software taking 95 % confidence limits.
From the analysis of data shown in Tables 1 to 3, it is possible
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to conclude that ephedrine enantiomers behave, in the concen-
tration range analyzed, as strong electrolytes. The molar

conductivities at infinitesimal concentrations are estimated with
an uncertainty lower than 0.095 %.

From molar conductivities at infinitesimal concentration Λ0

(Tables 1 and 2), the limiting ionic conductivity of the cationic
ephedrines (λ0(eph+)) can be calculated through eq 3

Λ0 ) λ0(eph+) + λ0(C1-) (3)
where the limiting ionic conductivity of chloride ions, λ0(Cl-),
were obtained from the eq 438

λ0(Cl-)t ) λ0(Cl-)25 + R(t - 25) + �(t - 25)2 +

γ(t - 25)3 (4)
where t is the temperature in Celsius degrees, λ0(Cl-)25 is equal
to 76.35 S · cm2 ·mol-1, and R, �, and γ are constants with the
following values: 1.54037 S · cm2 ·mol-1 · °C-1, 0.46500 · 10-4

S · cm2 ·mol-1 · °C-2, and -0.1285 · 10-4 S · cm2 ·mol-1 · °C-3,
respectively. The values obtained for λ0(eph+) and λ0(Cl-),
at different temperatures, are reported in Table 4. In general,
it is possible to conclude that the ionic conductivities of both
enantiomers are quite similar; however, it seems that by
increasing the temperature (T > 298.15 K) the ionic conduc-
tivities of (+)-eph+ become higher, even if only by around
4 %, than the corresponding values for (-)-eph+ (Figure 1).
This conclusion is also supported by a slight difference in
the activation enthalpy for transport process: see the discus-
sion below. Studies on the electrical conductance of solutions
are related to the investigation of solvation and electrotrans-
port properties of the constituent ions. These properties
depend on both the ionic radius and the degree of ionic
hydration.39 Consequently, to have a deeper insight on the
factors affecting the transport mechanism, we have calculated
the hydrodynamic radii (rh) for both ephedrine ions and its
dependence on temperature, using the equation16,40

λ0 ) F·e·|z|

6·π·η0·rh

(5)

where F is the Faraday constant, e is the elementary charge,
and z is the ionic charge. The values of rh, listed in Table 4,

Table 1. Molar Conductivities, Λ, of (1R,2S)-(-)-Ephedrine
Hydrochloride in Aqueous Solutions at Different Temperatures

T/K 283.15 293.15 298.15 303.15 310.15 323.15
103 · ca Λ/S · cm2 ·mol-1

1.840 65.71 83.75 94.63 104.10 119.48 149.54
2.438 64.63 81.98 92.82 102.27 117.29 147.08
3.030 63.55 80.59 91.27 100.62 115.37 144.87
3.614 62.80 79.07 89.91 99.14 113.90 142.73
4.191 61.81 77.75 88.60 98.02 112.54 140.79
4.761 61.03 76.63 87.53 96.63 110.78 139.17
5.324 60.44 75.64 86.53 95.67 109.64 137.66
5.881 59.90 74.68 85.56 94.74 108.51 135.63
6.431 59.25 73.77 84.65 93.63 107.44 134.40
6.975 58.60 72.88 83.74 92.71 106.35 133.15
7.513 57.94 71.99 82.83 91.97 105.24 131.84
8.044 57.36 71.19 81.99 91.10 104.22 130.66
8.569 56.85 70.44 81.20 90.28 103.26 129.54
9.089 56.35 69.74 80.44 89.49 102.34 128.44
9.602 55.84 69.08 79.75 88.78 101.49 127.43

10.110 55.37 68.46 79.08 88.07 100.66 126.43
10.612 54.91 67.95 78.40 87.34 99.82 125.40
11.108 54.46 67.23 77.74 86.65 99.01 124.40
11.599 54.01 66.63 77.09 85.96 98.21 123.42
12.085 53.59 66.04 76.46 85.28 97.42 122.56
12.565 53.20 65.49 75.86 84.64 96.73 121.50
13.040 52.81 64.98 75.30 84.37 96.02 120.62
13.510 52.44 64.48 74.74 83.43 95.33 119.73
13.975 52.10 64.00 74.22 82.86 94.67 118.90
14.435 51.76 63.54 73.70 82.30 94.01 118.08
14.890 51.40 63.07 73.18 81.74 93.36 117.25
15.340 51.07 62.60 72.67 81.18 92.71 116.44
15.786 50.75 62.17 72.17 80.64 92.08 115.64
16.226 50.42 61.74 71.70 80.12 91.46 114.86
16.663 50.11 61.33 71.25 79.62 90.88 114.11

a Units: c, mol ·dm-3.

Table 2. Molar Conductivities, Λ, of (1S,2R)-(+)-Ephedrine
Hydrochloride in Aqueous Solutions at Different Temperatures

T/K 283.15 293.15 298.15 303.15 310.15 323.15
103 · ca Λ/S · cm2 ·mol-1

1.841 65.45 84.40 93.66 104.07 120.09 152.45
2.440 64.22 82.68 91.79 102.01 117.74 148.94
3.031 63.16 81.09 90.34 100.08 115.90 146.93
3.615 62.04 79.73 89.01 98.37 114.06 144.37
4.193 61.01 78.49 87.78 97.03 112.20 142.24
4.763 60.18 77.49 86.75 95.66 110.67 140.14
5.327 59.42 76.61 85.77 94.39 109.39 138.41
5.884 58.66 75.70 84.81 93.20 107.94 136.77
6.434 57.95 74.86 83.90 92.08 106.97 135.19
6.978 57.25 73.95 82.98 90.99 105.72 133.68
7.516 56.55 73.10 82.05 89.91 104.63 132.16
8.048 55.93 72.32 81.20 88.93 103.63 130.78
8.573 55.34 71.59 80.40 88.00 102.67 129.48
9.093 54.77 70.89 79.65 87.13 101.75 128.27
9.607 54.27 70.27 78.96 86.33 100.90 127.11

10.115 53.77 69.66 78.29 85.56 100.08 126.01
10.617 53.29 69.04 77.61 84.78 99.23 124.90
11.114 52.84 68.44 76.95 84.04 98.41 123.84
11.605 52.42 67.85 76.30 83.29 97.60 122.78
12.091 51.96 67.29 75.67 82.57 96.79 121.74
12.571 51.56 66.75 75.01 81.90 96.03 120.76
13.046 51.18 66.26 74.50 81.26 95.32 119.84
13.517 50.78 65.76 73.95 80.64 94.61 118.94
13.982 50.38 65.28 73.43 80.05 93.94 118.09
14.442 50.03 64.83 72.91 79.46 93.28 117.23
14.897 49.66 64.37 72.39 78.88 92.61 116.38
15.347 49.29 63.90 71.88 78.31 91.96 115.54
15.793 48.94 63.43 71.38 77.76 91.32 114.73
16.234 48.61 63.02 70.90 77.22 90.69 113.93
16.670 48.32 62.62 70.45 76.71 90.10 113.18

a Units: c, mol ·dm-3.

Table 3. Molar Limiting Conductivities, Λ0, of Ephedrines
Calculated from Fitting the Experimental Data, Shown in Tables 1
and 2, to Equation 3

T Λ0 (( s)a A ·10-3

K S · cm2 ·mol-1 S ·mol-3/2 · cm7/2 R2b

(-)-eph+ 283.15 73.71 (( 0.06) 5.77 (( 0.02) 0.9997
293.15 94.62 (( 0.09) 8.20 (( 0.03) 0.9996
298.15 106.26 (( 0.09) 8.57 (( 0.01) 0.9999
303.15 116.31 (( 0.09) 8.94 (( 0.03) 0.9997
310.15 133.82 (( 0.09) 10.47 (( 0.03) 0.9998
323.15 167.4 (( 0.1) 12.98 (( 0.03) 0.9997

(+)-eph+ 283.15 73.98 (( 0.06) 6.32 (( 0.02) 0.9996
293.15 94.90 (( 0.06) 7.93 (( 0.02) 0.9998
298.15 105.31 (( 0.07) 8.52 (( 0.02) 0.9998
303.15 117.52 (( 0.07) 10.31 (( 0.02) 0.9999
310.15 134.68 (( 0.08) 10.91 (( 0.03) 0.9999
323.15 171.51 (( 0.09) 14.30 (( 0.03) 0.9999

a s: standard deviation. b R2: correlation coefficient.

Table 4. Limiting Ionic Conductivities of Chloride and Ephedrine
Ions at Different Temperatures

(-)-eph+ (+)-eph+

T λ0(Cl-) λ0 rh λ0 rh

K S · cm2 ·mol-1 S · cm2 ·mol-1 10-9 ·m S · cm2 ·mol-1 10-9 ·m

283.15 54.28 19.43 (( 0.06) 0.322 19.00 (( 0.02) 0.329
293.15 68.75 25.87 (( 0.09) 0.316 26.15 (( 0.06) 0.313
298.15 76.35 29.91 (( 0.04) 0.308 28.96 (( 0.09) 0.318
303.15 84.18 32.13 (( 0.09) 0.319 33.34 (( 0.08) 0.307
310.15 95.52 38.30 (( 0.09) 0.307 39.16 (( 0.09) 0.300
323.15 117.65 49.75 (( 0.09) 0.293 53.86 (( 0.09) 0.279
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were calculated by using viscosity values of pure water at
temperature T (η0) reported elsewhere.41,42

From the analysis of the hydrated radii as obtained by the
so-called Walden’s rule (eq 5), there is a trend for the decrease

of rh with increasing temperature. This deviation from the
Walden rule can be justified by alterations of ion-solvent
interactions or the cosphere effect upon increasing temperature.43

The later hypothesis is supported by MDS (see discussion
below), once there was no significant difference on the RDFs
at two different temperatures (298.15 and 310.15) K; it is also
worthy of note that from the comparison of rh values with RDFs
(Figure 2), we may conclude that the transport properties of
ephedrine are mainly dependent on the first hydration shell.

The temperature dependence of Λ0 (Figure 1) can be
represented in the framework of the kinetic conductance
theory44,45 by the equation

ln λ0(eph+) + 2
3

ln d ) -∆H*
RT

+ B (6)

where d is the density of the solvent, R is the gas constant, B
is the integration constant, and ∆H* is the activation enthalpy
of the transport process. Figure 1 shows the dependence of the
natural logarithm of the molar conductivity at infinitesimal
concentration as a function of 1/T. The values of water density
at different temperatures were taken from ref 46. The depen-
dence on the molar conductivity at infinitesimal concentration
as a function of 1/T follows a linear relationship, according to
eq 3, with the following slopes: 2097 (( 60) K and 2318 ((
54) K, for (-)-eph+ and (+)-eph+, respectively. So, the

Figure 1. Dependence of the natural logarithm molar conductivity at
infinitesimal concentration, with a solvent density correction, on the reverse
of temperature for: 0, (-)-eph; O, (+)-eph. Solid lines were obtained by
fitting data points to eq 3. The error bars are inside data points.

Figure 2. RDF of water oxygen around the H atom of hydroxyl (a) and ammonium (b) groups of ephedrine and water oxygen (c) and hydrogen (d) around
one of the carbon atoms of aromatic ring of ephedrine, for (-)-eph (solid lines) and (+)-eph (dotted lines) at 298.15 K. Inset: zoom of the square marked
zone on the left.
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corresponding values for ∆H* are 17.4 (( 0.5) kJ ·mol-1 and
19.3 (( 0.4) kJ ·mol-1. These enthalpy values are of the same
order of magnitude of those reported recently by Bester-Rogac16

for drugs with similar structures (e.g., sodium salycilate).
However, it should be stressed that there is a slight difference

in the activation enthalpy for the ionic migration of (-)- and
(+)-ephedrine, showing some discrimination between both
enantiomers. The analysis of the activation enthalpies for both
enantiomers suggests that (+)-eph has a negative hydration
compared with the (-)-eph;47,48 it means that the migration of
water molecules from its hydration sphere to the bulk solution
is most difficult.

Although the MDS results (see Section 3.3) for both (-)-
eph and (+)-eph isomers are quite similar, some subtle
differences arise in the RDFs: (i) the interactions between the
water molecules and the hydrophilic part of ephedrine (am-
monium and alcohol groups) appear to be slightly stronger for
the (-)-eph (the RDFs show a higher peak at smaller distances
for the first hydrated shell); (ii) the interactions between the
water molecules and the hydrophobic part of ephedrine (aromatic
ring) appear to be more significant in the case of (+)-eph (the
RDFs show slightly more straight peaks at smaller distances
for the first hydrated shell). Since the solvent-exposed surface
of the hydrophobic part of ephedrine is clearly larger than the
hydrophilic one, it is expected that the differences between the
two isomers in (ii) become dominant over those in (i) and, hence,
may explain our conductivity data. In light of these results,
we believe that the desolvation and rearrangement of ions in
the vicinity of ephedrine hydrochloride are mainly controlled
by the hydrophobic part of ephedrine structure. Such a
hydrophobic effect on the enthalpy activation of charge transport
in drugs has been recently pointed out.16

3.2. Mutual Diffusion Coefficients. The average diffusion
coefficient values, D, for the binary systems water + (-)-eph
and water + (+)-eph, at concentrations from (0.001 to 0.01)
mol ·dm-3 for each solute, respectively, at (298.15 and 310.15)

K, are summarized in Tables 5 and 6 (with uncertainties of (1
to 2) %). For the purposes of our research, it was not necessary
to extend the limits in concentration indicated in Tables 5 and
6.

The concentration dependence of the measured diffusion
coefficients can be represented by the linear equation (standard
deviation < 1 %)

D/(10-9·m2·s-1) ) a0 + a1c (7)

where the coefficients a0 and a1 are adjustable parameters. The
least-squares values of these parameters are listed in Table 7.
These may be used to calculate values of diffusion coefficients
at specified concentrations within the range of the experimental
data shown in Tables 5 and 6. The goodness of the fit (obtained
with a confidence interval of 98 %) can be assessed by the
excellent correlation coefficients, R2, and the low percentage
of standard deviation (< 1 %). Tables 5 to 8 show the effect of
the chirality of ephedrine on the mutual diffusion coefficients
of aqueous solutions of ephedrine at 298.15 K, in a concentration
range between (1 and 10) mmol ·dm-3. Diffusion coefficients
of ephedrines decrease by increasing the concentration. It is
possible to observe that, increasing the temperature, diffusion
data shows some selectivity toward enantiomeric forms of the
ephedrine. This is in agreement with electrical conductance data.

To understand this transport process of this electrolyte in
aqueous solutions, as a first approach the experimental mutual

Table 5. Diffusion Coefficients, Da, of (1R,2S)-(-)-Ephedrine Hydrochloride in Aqueous Solutions at Various Concentrations, c, at (298.15 and
310.15) K

T ) 298.15 K T ) 310.15 K

c Da SD
b D′OF

c ∆D/D′OF
d Da SDS

b D′OF
a ∆D/D′′OF

b

mol ·dm-3 10-9 ·m2 · s-1 10-9 ·m2 · s-1 10-9 ·m2 · s-1 % 10-9 ·m2 · s-1 10-9 ·m2 · s-1 10-9 ·m2 · s-1 %

0.00125 1.150 0.005 1.126 +2.0 1.570 0.007 1.432 +9.6
0.00250 1.100 0.009 1.118 -1.6 1.560 0.004 1.423 +9.6
0.00499 1.090 0.004 1.113 -2.0 1.501 0.010 1.418 +5.8
0.00746 1.028 0.009 1.111 -7.0 1.445 0.008 1.415 +2.2
0.01000 1.005 0.009 1.108 -9.0 1.408 0.010 1.412 0.0

a D is the mean diffusion coefficient for three experiments. b SD is the standard deviation of that mean. c Diffusion coefficients of
(1R,2S)-(-)-ephedrine hydrochloride calculated from the Onsager-Fuoss theory [DOF/ (10-9 ·m2 · s-1)] at (298.15 and 310.15) K (eq 12) using a ) 21.18
(( 5.98) ·10-10 m and a ) 20.58 (( 4.54) · 10-10 m, respectively. d ∆D/D′OF and ∆D/D′′OF represent the relative deviations between D (Table 5) and
D′OF and D and D′′OF values, respectively.

Table 6. Diffusion Coefficients, Da, of (1S,2R)-(+)-Ephedrine Hydrochloride in Aqueous Solutions at Various Concentrations, c, at (298.15 and
310.15) K

T ) 298.15 K T ) 310.15 K

c Da SD
b DOF

c ∆D/D′OF
d Da SD

b DOF
c ∆D/D′′OF

d

mol ·dm-3 10-9 ·m2 · s-1 10-9 ·m2 · s-1 10-9 ·m2 · s-1 % 10-9 ·m2 · s-1 10-9 ·m2 · s-1 10-9 ·m2 · s-1 %

0.0010 1.135 0.007 1.100 +3.2 1.567 0.005 1.455 +7.7
0.0025 1.125 0.005 1.094 +3.1 1.530 0.009 1.450 +5.5
0.0050 1.099 0.007 1.086 +1.2 1.480 0.004 1.440 +2.7
0.0080 1.050 0.006 1.083 -3.0 1.420 0.009 1.436 -1.1
0.0100 1.013 0.007 1.081 -6.3 1.379 0.008 1.434 -3.5

a D is the mean diffusion coefficient for three experiments. b SD is the standard deviation of that mean. c Diffusion coefficients of
(1R,2S)-(-)-ephedrine hydrochloride calculated from the Onsager-Fuoss theory [DOF/ (10-9 ·m2 · s-1)] at (298.15 and 310.15) K (eq 12) using a ) 22.08
(( 5.93) ·10-10 m and a ) 23.21 (( 4.98) · 10-10 m, respectively d ∆D/D′OF and ∆D/D′′OF represent the relative deviations between D (Table 6) and
D′OF and D and D′′OF values, respectively.

Table 7. Fitting Coefficients (a0 to a2) of the Polynomial Equation
[D/(m2 · s-1) ) a0 + a1 (c/mol ·dm-3)] to the Mutual Differential
Diffusion Coefficients of Ephedrines Hydrochloride in Aqueous
Solutions at (298.15 and 310.15) K

T/K a0 ·109 a1 ·109 R2a

(2R,1S)-(-)-eph 298.15 1.158 -15.84 0.944
310.15 1.597 -18.82 0.991

(1S,2R)-(+)-eph 298.15 1.157 -13.81 0.976
310.15 1.585 -21.27 0.997

a R2: correlation coefficient.
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diffusion coefficients at 298.15 K were compared with those
estimated using Onsager-Fuoss equation, eq 8 (Tables 5 and
6; see, e.g., ref 38),

D ) Mj ( |z1| + |z2|

|z1z2| )RT
c (1 + c

∂ ln γ(

∂c ) (8)

where D is the mutual diffusion coefficient of the electrolyte in
m2 · s-1, R is the gas constant in J ·mol-1 ·K-1, T is the absolute
temperature, z1 and z2 are the algebraic valences of a cation
and of an anion, respectively, and the last term in parentheses
is the activity factor, with y( being the mean molar activity
coefficient, c the concentration in mol ·m-3, and Mj , in
mol2 · s ·m-3 ·kg-1, given by

Mj ) 1

NA
2 e0

2( λ1
0λ2

0

ν2|z2|λ1
0 + ν1|z1|λ2

0)c + ∆Mj ′+∆Mj ′′ (9)

In eq 9, the first-and second-order electrophoretic terms are
given by

∆Mj ′ ) - c
NA

)

(|z2|λ1
0 - |z1|λ2

0)2

(|z1|ν1λ2
0 + |z2|ν2λ1

0)2

ν1ν2

ν1 + ν2

k
6πη0(1 + ka)

(10)

and

∆Mj ′′ )
(ν1|z2|λ1

0 + ν2|z1|λ2
0)2

(ν1|z1|λ2
0 + ν2|z2|λ1

0)2

1

(ν1 + ν2)
2

1

NA
2

k4�(ka)

48π2η0

(11)

where η0 is the viscosity of the water in N · s ·m-2, NA is the
Avogadro’s constant, e0 is the proton charge in coulombs, ν 1 and
ν 2 are the stoichiometric coefficients, λ1

0 and λ2
0 are the limiting

molar conductivities of the cation and anion, respectively, in
m2 ·mol-1 ·Ω-1, k is the “reciprocal average radius of ionic
atmosphere” in m-1, a is the mean distance of closest approach
of ions in m, φ (ka) ) |e2kaEi(2ka)/(1 + ka)| has been tabulated
by Harned and Owen, and the other letters represent well-known
quantities.38 In this equation, phenomena such as complexation
and/or ion association37 and hydrolysis49,50 are not taken into
consideration. There is no direct method for measuring the ion
size parameter a, the “mean distance of closest approach” from
the Debye-Huckel theory, but it may be estimated from MDS;
the following values of a have been computed: for (1R,2S)-

(-)-ephedrine hydrochloride a ) 21.18 (( 5.98) ·10-10 m and
a ) 20.58 (( 4.54) · 10-10 m and for (1S,2R)-(+)-ephedrine
hydrochloride, a ) 22.08 (( 5.93) ·10-10 m and a ) 23.21 ((
4.98) ·10-10 m, for (298.15 and 310.15) K, respectively.

Comparing the calculated diffusion coefficients of these
electrolytes, DOF (Table 5 and 6), using the values of the
parameter a obtained from MDS, with the related experimental
values at 298.15 K, a reasonable agreement is observed between
the experimental data and this model for both systems at dilute
solutions (deviations, in general, e 3 % for c < 0.07 M). Having
in mind that those deviations are approximately the same order
as the experimental uncertainties (usually within ( (2 to 3) %)
and that the phenomena as association is not contemplated in
the Onsager-Fuoss equation, we can interpret that the pre-
dominant species responsible for the behavior of D for this range
of concentration are ephedrine ions and chloride ions. Moreover,
the acceptable deviations (ca. < 3 %) between the limiting D0

value calculated by extrapolating experimental data to c f 0
(Tables 7 and 8) and the Nernst values (eq 12) and from
conductivity measurements are another evidence.

D0 ) RT

F2

|Z+| + |Z-|

|Z+Z-|

λ+
0 λ-

0

λ+
0 |Z-| + λ-

0 |Z+|
(12)

Z+ and Z- represent the algebraic valences of a cation and an
anion, respectively. λ-

0 and λ+
0 are the molar conductance at

infinitesimal concentration of chloride and ephedrine, respectively.
The decrease of the diffusion coefficient, when the concentra-

tion increases, may be attributed to the nonideality in thermo-
dynamic behavior which is allowed for by the factor (1 + c d
ln y/d ln c) (eq 8).37 Their interpretation can be made on the
basis of new species resulting from the eventual formation of
ion pairs or higher aggregates of these salts, assuming that those
species have a lower mobility than the ephedrine and chloride
(Figure 1) because of its size (though an estimate of their
amounts is not possible). We may assume that there are also
other species in lower proportions, but they do not influence
significantly the behavior of the diffusion of this system.

For c > 0.007 mol ·dm-3, the results predicted from the above
model differ from experimental observation by (3 to 9) %. This
is not surprising since we take into account the change with
concentration of parameters such as viscosity, dielectric constant,
and above all, hydration,37 which are not taken into account in
the Onsager-Fuoss model.

In relation to the effect of temperature on diffusion, an
increase in the experimental D values was found at all ephedrine
chloride concentrations. Also, the decrease of the diffusion
coefficient was obtained when the concentration increases. Also,
the acceptable deviation between the limiting D0 value calculated
by extrapolating experimental data to c f 0 (Tables 7 and 8)
and the Nernst values (Table 8) (deviations e 5 %) were
verified. Despite the absence of the values of parameters for
estimations of DOF for this temperature, the agreement between
the calculated diffusion coefficients of these electrolytes, DOF

(Tables 5 and 6), and the related experimental values is also
reasonable (that is, deviations e 9 %). However, at this
temperature, for both systems and for the interval 0.005 M < c
e 0.01 M, the deviations among these diffusion coefficients
are not too significant, contrarily to the results observed at
298.15 K. Such a result would seem to indicate that the
solute-solute interactions (which can result in the aggregate
stabilization) are enhanced because of the thermal effect. This
effect can contribute to the decrease of these interactions and,
consequently, may be responsible for no significant difference
among theoretical and experimental of diffusion coefficients

Table 8. Comparison of Limiting Diffusion Coefficients of
Ephedrine Hydrochloride, as Calculated by the Nernst Equation
(Equation 12) and from Conductometric Data, D0

N, and Those
Obtained by Extrapolation of the Diffusion Measurements, D0

exp

T D0
N

a D0
exp

b (∆D0/D0
exp)c

K 10-9 ·m2 · s-1 10-9 ·m2 · s-1 %

(2R,1S)-(-)-eph
298.15 1.145 1.158 -1.1
310.15 1.515 1.597 -5.1

(1S,2R)-(+)-eph
298.15 298.15 1.118 1.157
310.15 310.15 1.539 1.585

a These values have been calculated with eq 12, using our
conductivity data, shown in this table. b See Tables 7 and 8. c ∆D0/D
represents the relative deviations between the limiting diffusion
coefficients of ephedrine (-) and (+) chloride, respectively, D0, at
298.15 and 310.15 K, respectively, obtained by eq 12 and from
conductivity measurements, and those obtained by extrapolation of the
diffusion measurements.
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3.3. Simulations. The structure of the ephedrine solution can
be analyzed from the RDFs shown in Figures 2 and S1 of
Supporting Information. In Figures 2 and S1, the RDF of the
water oxygen around the hydrogen of the alcohol group in
ephedrine, at (298.15 and 310.15) K, respectively, is shown. It
is apparent from Figure 2a that, for both (1R,2S)-(-)- and
(1S,2R)-(+)-ephedrine isomers, the RDF presents a thin peak
at 1.6 ·10-10 m, which is associated with the strong alcohol-water
hydrogen bond. Though broader, the prominent peak arising at
3.8 ·10-10 m may correspond to a second shell of water
molecules in the neighborhood of the alcohol group. A very
small third peak can be visualized at longer distances (∼
7.7 ·10-10 m); eventually, this is a consequence of the long-
range perturbation in the structure of water due to the presence
of the alcohol group.

Looking at the RDF of the water oxygen around one of the
hydrogens in the ephedrine ammonium group (Figure 2b), it is
possible to observe a narrow peak at 1.9 ·10-10 m for both
isomers, which again can be assigned to a slightly longer
hydrogen bond. Indeed, the calculated average number of
ephedrine-water hydrogen bonds is around three, which can
be related with both of the two hydrogens in the ammonium
group and the hydrogen of the alcohol group. As a general trend,
the increase of temperature does not significantly change the
intensity of the peaks (especially the first one), while a slightly
higher peak for (1R,2S)-(-)-ephedrine indicates a stronger
hydrogen bond, which shows a smaller average number of
hydrogen bonds (n) for (1S,2R)-(+)-ephedrine ((-)-eph: n298

) 3.18 and n310 ) 3.17; (+)-eph: n298 ) 3.00 and n310 ) 3.00).
To complete the analysis of the structural properties of

ephedrine in water, we show the radial distribution of water
oxygens around one of the carbons in the aromatic ring in Figure
2c. In this case, the maximum of probability occurs for 3.4 ·10-10

m, which is about twice the length found in Figures 2a,b for a
hydrogen bond. Although not shown, small peaks at similar
distances are found for the RDF of the water oxygen around
the corresponding hydrogen of the aromatic ring. This clearly
indicates that the interaction solvent ephedrine (from the ring
side) is of hydrophobic-type (i.e., dominated by long-range van
der Waals forces). In addition, very small peaks appear in Figure
2c at 6.8 ·10-10 m and 10 ·10-10 m.

Further insight about the structure of the solvent around the
aromatic ring can be extracted from Figure 2d, which shows
the RDF of the water hydrogens around the same carbon as in
Figure 2c. It is worth noting in Figure 2d that the peaks in the
RDF appear approximately at the same positions as in Figure
2c, which indicates that water molecules are oriented prefer-
entially tangential to the plan of the aromatic ring. A similar
behavior has been found for the hydrophobic hydration of
methane.51

4. Conclusions

We have measured the electrical conductivity and diffusion
coefficients of two ephedrine enantiomers, (1S,2R)-(+)-ephe-
drine hydrochloride and (1R,2S)-(-)-ephedrine hydrochloride,
in aqueous solutions. We have complemented these studies with
MDS’s. The dependence of electrical conductivity on the
temperature, ranging from (298.15 to 323.15) K, shows that
the limiting ionic conductivity of the cationic (1S,2R)-(+)-
ephedrine has higher values at higher temperatures, leading to
a small differentiation in the activation enthalpies of the transport
process: 19.3 (( 0.4) kJ ·mol-1 and 7.4 (( 0.5) kJ ·mol-1 for
(1S,2R)-(+)-ephedrine and (1R,2S)-(-)-ephedrine, respectively.
In a previous report (refs 52-55), the origins of enantiodiffer-

entiation with ephedrine and R-cyclodextrin were assigned to
the configuration a to the amino group. The (2R)-(+)-enantiomer
was the more strongly bound, and in the (2S)-(-)-complex it
was proposed that there was an unfavorable steric interaction
between the 2-Me group and the H3 proton of the cyclodextrin
host that inhibited a favorable NH · · ·O hydrogen bonding
interaction. Such discrimination has also been detected by
dynamic molecular simulations; however, it should be worthy
to conclude that the role of the hydrophobic hydration, of
ephedrine, cannot also be neglected and even can have an
important effect on the transport properties.

Although no conclusions on the enantiomer’s discrimination
can be taken from the analysis of mutual diffusion coefficients
for ephedrine at the studied concentrations, extrapolated diffu-
sion coefficients at a differential concentration for (1R,2S)-(-)-
and (1S,2R)-(+)-ephedrine hydrochloride show a good agree-
ment with Nernst diffusion coefficients derived from conduc-
tance data. From the latter, the estimated values of diffusion
coefficients for these electrolytes are (1.145 · 10-9 and
1.118 ·10-9) m2 · s-1 at 298.15 K, respectively, and (1.515 ·10-9

and 1.539 ·10-9) m2 · s-1 at 310.15 K, respectively; from
diffusion, we obtained (1.158 ·10-9 and 1.157 ·10-9) m2 · s-1 at
298.15 K, respectively, and (1.597 ·10-9 and 1.585 ·10-9) m2 · s-1

at 310.15 K, respectively.
We believe that these experimental data will contribute for a

better knowledge of ephedrine enantiomers in aqueous solutions
and thus help to better understand the mechanism behind
enantiodifferentiation.

Supporting Information Available:

RDF of water oxygen around the H atom of hydroxyl and
ammonium groups of ephedrine and water oxygen and hydrogen
around one of the carbon atoms of aromatic ring of ephedrine, for
(-)-eph and (+)-eph at 310.15 K. This material is available free
of charge via the Internet at http://pubs.acs.org.
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