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ABSTRACT:Data for the electrical conductivity (at 298.15 K), density, and viscosity [both at (278.15, 288.15, 298.15, 308.15, and
318.15) K] of aqueous solutions of choline chloride (ChCl) and chloro-choline chloride (Cl-ChCl) are reported for solute
molalities m j 2.0 mol 3 kg

�1 (ChCl) and j 2.1 mol 3 kg
�1 (Cl-ChCl), respectively. From the densities apparent molar volumes

were calculated, and the limiting partial molar volumes and Hepler's constants of ChCl(aq) and Cl-ChCl(aq) were evaluated. From
the viscosities Arrhenius activation energies of viscous flow were determined. While apparent molar volumes suggest at best weak
ion pairing for ChCl(aq) and Cl-ChCl(aq), theWalden product obtained for 25 �C hints at significant ion�ion interactions and/or
changes in ion hydration with increasing concentration.

’ INTRODUCTION

Choline (vitamin B4, the (2-hydroxy)ethyltrimethylammonium
cation) is an important biological ion and designated as to be an
essential part of our daily diet.1 Choline (Ch+) plays several key
functions in the human body as it keeps the constituency of cell
membranes, is involved in cholinergic neurotransmission,2 and is a
major component of pulmonary surfactants.3 Recently, choline-
based ionic liquids have attracted increased interest,4 as have
anionic surfactants with Ch+ as the counterion.5,6 Chloro-choline,
(the (2-chloro)ethyltrimethylammonium cation, Cl-Ch+) is active
as a plant growth regulator,7 and its salts are used as an additive to
animal feed.8

The present study reports some physical properties of aqu-
eous solutions of choline chloride (ChCl) and chloro-choline
chloride (Cl-ChCl), namely, electrical conductivity,k, at 298.15 K,
as well as density, F, and dynamic viscosity, η, at (278.15, 288.15,
298.15, 308.15, and 318.15) K in the concentration (molality)
range (0.02 j m/mol 3 kg

�1 j 2.1).

’EXPERIMENTAL SECTION

Materials.Prior to use, ChCl (Sigma-Aldrich, 98% purity) and
Cl-ChCl (Sigma-Aldrich, 98 % purity) were dried at 40 �C in
vacuum for about 72 h using P2O5 (Sicapent, Merck) as a
desiccant and then stored under dry N2 atmosphere. Solutions
were prepared by weight without buoyancy corrections (thus a
relative uncertainty in solute molality, m, of ( 0.002) using
Millipore water having k < 2 3 10

�5 S 3m
�1.

Electrical Conductivity. Conductivity measurements for
ChCl(aq) were performed at 298.15 K with the Wheatstone-
bridge equipment described previously,9,10 using a home-built
precision thermostat with temperature stability of <0.003 K. For
Cl-ChCl(aq) a computer-controlled setupwas used consisting of a
HuberUnistat 705 as the thermostat (temperature stability <0.005
K), a high-precision LCR bridge (HAMEG HM8118) for resis-
tance measurement (relative uncertainty e0.0005), and a

switchboard to address the three two-electrode capillary cells
mounted on the thermostat lid. Parasitic impedances were elimi-
nated by an open/short calibration of LCRbridge and switchboard
prior to eachmeasurement. The cells with cell constantsC ranging
from (25 to 360) cm�1 were calibrated with KCl(aq).11 Measure-
ment temperatures were recorded with an uncertainty of( 0.01 K
with a NIST traceable Pt-resistance thermometer (ASL). To

Table 1. Electrical Conductivities, j, of Aqueous Solutions of
ChCl and Cl-ChCl at 298.15 K

ChCl Cl-ChCl

m k m k

mol 3 kg
�1 S 3m

�1 mol 3 kg
�1 S 3m

�1

0.0272 0.279 0.0277 0.265

0.0500 0.492 0.0514 0.490

0.1000 0.919 0.1003 0.898

0.2500 2.03 0.2497 1.97

0.3500 2.67 0.3502 2.58

0.5000 3.55 0.5001 3.36

0.6500 4.37 0.6509 4.10

0.7500 4.79 0.7498 4.51

0.9000 5.44 0.8997 5.07

1.2048 6.54 0.9998 5.42

1.5047 7.43 1.2117 6.08

1.9945 8.53 1.5070 6.81

1.9980 7.67
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overcome possible effects of electrode polarization, cell resistance,
R, was measured for both setups as a function frequency, ν, in the
range 100 e ν/Hz e 10000. The sample conductivity then was

obtained as k = C/R∞ from the extrapolation R∞ = limνf∞R(ν)
using the empirical functionR(ν) =R∞ +A/νa; the parameterA is
specific to the cell and as expected the exponent a was found to be
0.5 j a j1.12 Taking into account all likely sources of error, a
relative uncertainty of 0.005 is estimated for k.
Density. Solution densities, F, were measured at (278.15,

288.15, 298.15, 308.15, and 318.15) K with a temperature
uncertainty e 0.01 K and stability e 0.002 K using a vibrating-
tube densimeter (Anton Paar DMA 5000 M, calibrated by the
manufacturer) with a stated uncertainty of( 0.005 kg 3m

�3 in F.
Viscosity. Dynamic viscosities, η, were measured at (278.15,

288.15, 298.15, 308.15, and 318.15) K with a temperature
uncertaintye 0.05 K and stability e 0.01 K using an automated
rolling-ball viscometer (Anton Paar AMVn). The stated relative
uncertainty of the instrument is e0.005, although overall errors
are probably slightly higher.

Figure 1. Electrical conductivities, k, of aqueous solutions of ChCl (2,
this work;x, ref 15) and Cl-ChCl (b) at 298.15 K as a function of solute
molality,m. Solid lines represent fits with theCasteel�Amis equation, eq 1.

Table 2. Maximum Conductivity, jmax, Corresponding
Electrolyte Molality, mmax, and Shape Parameter, a, of Equa-
tion 1 (b = 0 fixed) for Aqueous Solutions of ChCl and Cl-
ChCl at 298.15 K. Also Included Is the Corresponding
Standard Error of the Fit, σfit

kmax mmax σfit

S 3m
�1 mol 3 kg

�1 a S 3m
�1

ChCl 9.75 ( 0.10 3.71 ( 0.09 0.891 ( 0.008 0.02
Cl-ChCl 8.42 ( 0.06 3.30 ( 0.06 0.883 ( 0.007 0.02

Table 3. Densities, G, of Aqueous Solutions of ChCl and Cl-
ChCl at Molality, m, and Temperature, T

m F/kg 3m
�3 at T/K

mol 3 kg
�1 278.15 288.15 298.15 308.15 318.15

ChCl
0a 999.964 999.099 997.043 994.029 990.208
0 999.961 999.092 997.036 994.023 990.206
0.0540 1000.967 1000.031 997.931 994.893 991.063
0.1087 1001.952 1000.950 998.810 995.745 991.902
0.2554 1004.503 1003.333 1001.088 997.961 994.085
0.5004 1008.705 1007.266 1004.844 1001.614 997.683
0.6512 1011.014 1009.433 1006.921 1003.633 999.672
0.7484 1012.676 1010.996 1008.420 1005.091 1001.109
1.2030 1019.283 1017.228 1014.403 1010.921 1006.860
1.5035 1022.746 1020.505 1017.560 1014.000 1009.901
1.9924 1028.852 1026.308 1023.157 1019.473 1015.308

Cl-ChCl
0.0506 1001.453 1000.522 998.426 995.387 991.452
0.1009 1002.888 1001.900 999.762 996.694 992.837
0.2364 1006.793 1005.646 1003.397 1000.252 996.273
0.5010 1013.917 1012.479 1010.021 1006.724 1002.683
0.6523 1017.877 1016.276 1013.698 1010.315 1006.203
0.7529 1020.456 1018.745 1016.090 1012.650 1008.516
1.1995 1031.176 1029.024 1026.042 1022.358 1018.058
1.4973 1038.126 1035.683 1032.481 1028.632 1024.208
1.9862 1048.245 1045.386 1041.866 1037.775 1033.173

aReference 16.

Figure 2. Densities, F, of aqueous ChCl as a function of solute molality,
m, at (9, 278.15; b, 288.15; 2, 298.15; 1, 308.15 and �, 318.15) K.
Solid lines represent fits of eq 2 (Y = F; n = 3). For comparison the data
(x) of Fleming15 at 298.15 K are included.

Figure 3. Apparent molar volume, ϕv, of ChCl in aqueous solution as a
function of salt concentration, c, at (�, 278.15;1, 288.15;2, 298.15;b,
308.15 and 9, 318.15) K. Solid lines represent fits of eq 4.
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’RESULTS AND DISCUSSION

Electrical Conductivity. The obtained electrical conductiv-
ities are summarized in Table 1 and Figure 1. Consistent with the
slightly smaller partial molar volume of this compound (see
below) k(m) is always larger for ChCl compared to Cl-ChCl.
The dependence of k on salt molality is well-described by the
empirical Casteel�Amis equation13

k ¼ kmax
m

mmax

� �a

exp � bm2
max

m
mmax

� 1

� �2

� a
m

mmax
� 1

� �" #

ð1Þ
where kmax is the maximum conductivity reached at molality
mmax while a and b are shape parameters. Since neither for
ChCl(aq) nor for Cl-ChCl(aq) kmax was reached in the inves-
tigated concentration range b = 0 was assumed in the fit.14 The
resulting parameters are summarized in Table 2.

To the best of our knowledge literature data for conductivity
are only available for ChCl at 298.15 K.15 As can be seen from
Figure 1 the agreement with our conductivities is good with
deviations δk = |kfit � klit| < 0.03 S 3m

�1.
Density. The obtained F values are given in Table 3,

Figure 2 (ChCl), and Figure S1 of the Supporting Informa-
tion (Cl-ChCl). Also included in Table 3 are literature data16

for the density of pure water at the investigated temperatures.
The latter deviate from our results by 0.007 kg 3m

�3 at
maximum, lending credit to the stated reproducibility of the
instrument (( 0.005 kg 3m

�3) and to the quality of the used
water sample.
The density data for ChCl and Cl-ChCl at all temperatures can

be well-fitted (σfite 0.12 kg 3m
�3 for ChCl and 0.06 kg 3m

�3 for
Cl-ChCl) with a polynomial in solute molality

Y ¼ ∑
n

j¼0
ajm

j ð2Þ

where Y = F and n = 3. The obtained parameters, aj, are
summarized in Table S1 of the Supporting Information together
with the corresponding standard deviation of the fit, σfit; fit
curves are shown in Figures 2 and S1 for ChCl and Cl-ChCl,
respectively. Compared to the deviations of the present densities
for pure water from corresponding literature data,16 which
do not exceed e 0.007 kg 3m

�3, the fit standard errors for the
solutions are considerably larger. This almost certainly reflects
the uncertainty in m. For a comparison of solution densities
again only data of Fleming15 for ChCl(aq) at 298.15 K are
available (Figure 2). The agreement is good with relative
deviations e5.5 3 10

�4.
From F the corresponding apparent molar volumes, ϕv

(Figures 3 and 4), were calculated using the equation17

ϕv ¼ M
FðmÞ þ Fð0Þ � FðmÞ

mFð0ÞFðmÞ ð3Þ

whereM is the molar mass (ChCl: 0.13962 kg 3mol�1; Cl-ChCl:
0.15807 kg 3mol�1). According to Redlich and Meyer18 for
electrolyte solutions the dependence of ϕv on solute concentration

Figure 4. Apparent molar volume, ϕv, of Cl-ChCl in aqueous solution
as a function of salt concentration, c, at (�, 278.15; 1, 288.15; 2,
298.15; b, 308.15 and 9, 318.15) K. Solid lines represent fits of eq 4.

Table 4. Limiting Partial Molar Volumes, Ov
0, Debye�H€uckel Parameters, ADH,

20 and Sensitivity Parameters, h, of Equation 4 for
Aqueous Solutions of ChCl and Cl-ChCl at Temperature, T. Also Included Are the Corresponding Limiting Apparent Molar
Expansibilities, ϕE

0

T ϕv
0 ADH

a h ϕE
0

K 10�6 m3
3mol

�1 10�6 m3
3 L

1/2
3mol�3/2 10�6 m3

3 L 3mol�2 10�6 m3
3mol

�1
3K

�1

ChCl

278.15 120.49 ( 0.11 1.5498 � 0.59 ( 0.13 0.137

288.15 121.79 ( 0.11 1.6728 � 0.82 ( 0.13 0.113

298.15 122.76 ( 0.11 1.8332 � 1.01 ( 0.13 0.090

308.15 123.51 ( 0.11 2.0259 � 1.18 ( 0.14 0.066

318.15 124.12 ( 0.12 2.2499 � 1.34 ( 0.14 0.043

Cl-ChCl

278.15 128.12 ( 0.07 1.5498 � 1.62 ( 0.09 0.124

288.15 129.37 ( 0.07 1.6728 � 1.71 ( 0.09 0.110

298.15 130.34 ( 0.08 1.8332 � 1.77 ( 0.09 0.096

308.15 131.15 ( 0.08 2.0259 � 1.82 ( 0.09 0.082

318.15 132.01 ( 0.08 2.2499 � 2.00 ( 0.09 0.068
aConverted to molarity scale with the water densities of ref 16.



4947 dx.doi.org/10.1021/je200856f |J. Chem. Eng. Data 2011, 56, 4944–4949

Journal of Chemical & Engineering Data ARTICLE

c (= F(m) 3m/(1 + Mm)) should follow the relation

ϕv ¼ ϕ0v þ ADHc
1=2 þ hc ð4Þ

where ϕv
0 is the limiting partial molar volume of the solute and

ADH is the Debye�H€uckel limiting slope (constant for all 1:1
electrolytes in a given solvent at a certain T). The empirical
“deviation parameter”, h, of eq 4 is thought to measure ion�ion
interactions in the chosen system.19 The fits obtained with ADH

values taken from Archer and Wang20 (converted to molarity
scale) are shown in Figure 3 for ChCl and Figure 4 for Cl-ChCl;
the derived limiting partial molar volumes, ϕv

0, and h values are
summarized in Table 4.
As expected from the larger van der Waals volume of the

chlorine atom compared to the OH group, ϕv
0(Cl-ChCl) >

ϕv
0(ChCl). The present result for the limiting partial molar

volume of ChCl at 298.15 K, ϕv
0(ChCl) = 122.8 3 10

�6 m3
3mol

�1,
is slightly smaller than the value published by Fleming15

(124.9 3 10
�6 m3

3mol
�1). This is mainly due to the slightly smaller

densities of ref 15, but the different ADH parameters used there also
contribute to the difference.
For ChCl and Cl-ChCl ϕv

0 increases with increasing tempera-
ture according to the relation

ϕ0v ¼ aϕ0 þ aϕ1ðT � T0Þ þ aϕ2ðT � T0Þ2 ð5Þ
where T0 = 298.15 K.

21 The obtained parameters, aj (j = 0, ..., 2),
collected in Table 5, permit the calculation of the limiting

apparent molar expansibility

ϕ0E ¼ ∂ϕ0v
∂T

 !
p

¼ aϕ1 þ 2aϕ2ðT � T0Þ ð6Þ

of ChCl and Cl-ChCl in water (Table 4) and of the correspond-
ing Hepler's constant,22 (∂2ϕv

0/∂T2)p = 2a2
ϕ (= (�0.0023 (

0.0002) 3 10
�6 m3

3mol�1
3K

�2 for ChCl; (�0.0014 (
0.0004) 3 10

�6 m3
3mol�1

3K
�2 for Cl-ChCl).

Similar to aqueous NaCl solutions23 the deviation parameter,
h, is negative and decreases with rising temperature for both
ChCl(aq) and Cl-ChCl(aq). This suggests that ion pairing is
weak and ion�ion interactions decrease further with increasing
thermal motions.23 The rather small concentration dependence
of ϕv

0 (and thus small |h| values) for ChCl suggests that both
ions well fit into the water structure, whereas the fairly negative h
forCl-ChClmay indicatemutual salting-in of the ions, as discussed by
Desnoyers and Arel for some n-alkylamine hydrobromides.17

Viscosity. Table 6 summarizes the dynamic viscosities, η,
determined for ChCl(aq) and Cl-ChCl(aq). To the best of our
knowledge only the data of Fleming15 for ChCl(aq) at 298.15 K
are available for comparison (Figure 5). These are slightly larger
than the present results with relative deviations e 3.4 3 10

�2.
For ChCl(aq) plots of η = f(m) are linear over the entire range

of m (Figure 5), whereas a notable curvature was found for Cl-
ChCl(aq) (Figure S2 of the Supporting Information). The data

Table 5. Temperature Coefficients, ai
ϕ (j = 0, 1, 2), of Equation 5 for the Limiting Partial Molar Volumes, ϕv

0, of ChCl(aq) and Cl-
ChCl(aq) and Corresponding Fit Standard Errors, σfit

a0 a1 a2 σfit

10�6 m3
3mol

�1 10�6 m�3
3mol�1

3K
�1 10�6 m�3

3mol�1
3K

�2 10�6 m3
3mol�1

ChCl 122.77 ( 0.03 0.0898 ( 0.0014 �0.00117 ( 0.00011 0.04

Cl-ChCl 130.34 ( 0.05 0.0959 ( 0.0023 �0.00071 ( 0.00019 0.07

Figure 5. Dynamic viscosities, η, of aqueous ChCl as a function of
solutemolality,m, at (9, 278.15;b, 288.15;2, 298.15;�, 308.15 and1,
318.15) K. Solid lines are the linear fits of eq 2 (Y = η; n = 1). For
comparison the data (x) of Fleming15 at 298.15 K are included.

Figure 6. Arrhenius activation energy, Ea, of viscous flow for aqueous
solutions of9, ChCl andb, Cl-ChCl as a function of solute molality,m.
The Ea value of pure water (2, calculated from the data of ref 24) is
also shown.
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can be well-fitted with eq 2 where Y = η, n = 1 for ChCl, and n = 2
for Cl-ChCl. The obtained parameters are summarized in Table 7.

For liquids and solutions far from the glass-transition tem-
perature, as should be the case for the present samples, the
temperature dependence of η is generally well-described by the
Arrhenius equation

ln η ¼ ln η∞ þ Ea=ðRTÞ ð7Þ
where η∞ is the limiting viscosity for Tf∞, R the gas constant,
and Ea the activation energy of viscous flow.
Figure 6 shows the activation energies obtained from the

present viscosity data. For ChCl(aq) Ea is essentially indepen-
dent of solute molality over the entire concentration range,
yielding an average value of 16.9 kJ 3mol�1, whereas Ea appears
to increase linearly for Cl-ChCl(aq). However, these results have
to be taken with a grain of salt. Error bars for Ea are rather large,
and a close inspection of the fits (Figures S3 and S4 of the
Supporting Information) reveals that especially at low concen-
trations, and more pronounced for ChCl (Figure S3), ln η(T)
shows a small but significant positive curvature, possibly indicat-
ing Vogel�Fulcher�Tamann (VFT) behavior already around
room temperature. However, a larger temperature range than
that covered in the present investigation [(278.15 to 318.15) K]
is required for a thorough determination of the curvature.
According to Walden's rule,25 Λη = constant, the product of

viscosity and molar conductivity,Λ (= k/c), should be indepen-
dent of concentration as long as ion association is negligible.
Since the values obtained for the h parameter of eq 4 suggest only
weak ion association it is therefore surprising to find a rather large
decrease of Λη with increasing m for both ChCl(aq) and Cl-
ChCl(aq) (Figure 7). However, it should be kept in mind that
also changes in ion solvation with rising concentration may cause
deviation from Walden's rule.26 To clarify this issue, dielectric
relaxation studies are currently under way to obtain molecular-
level information on ion hydration and association in these
systems.

’CONCLUSIONS

Electrical conductivities (at 298.15 K), densities, and viscos-
ities [in the range (273.15 to 318.15) K] of aqueous solutions
of ChCl and Ch-ChCl up to ∼2 mol 3 kg

�1 are reported.

Table 6. Dynamic Viscosities, η, of Aqueous Solutions of
ChCl and Cl-ChCl at Molality, m, and Temperature, T

m η/mPa 3 s at T/K

mol 3 kg
�1 278.15 288.15 298.15 308.15 318.15

ChCl

0.0293 1.527 1.151 0.875 0.715 0.633

0.0580 1.551 1.170 0.888 0.724 0.610

0.1113 1.515 1.164 0.903 0.732 0.623

0.2495 1.577 1.192 0.908 0.746 0.638

0.3505 1.601 1.211 0.928 0.757 0.646

0.4956 1.631 1.237 0.950 0.774 0.656

0.6473 1.695 1.287 0.984 0.811 0.694

0.7512 1.741 1.323 1.009 0.826 0.690

0.9030 1.762 1.342 1.023 0.835 0.702

1.0049 1.791 1.364 1.043 0.854 0.721

1.2029 1.862 1.417 1.082 0.884 0.747

1.5060 1.936 1.476 1.127 0.921 0.776

1.9896 2.077 1.587 1.234 1.007 0.843

Cl-ChCl

0.0236 1.526 1.148 0.907 0.711 0.596

0.0464 1.536 1.156 0.913 0.714 0.595

0.0994 1.555 1.172 0.924 0.722 0.602

0.2464 1.610 1.211 0.955 0.757 0.645

0.3552 1.656 1.241 0.977 0.770 0.660

0.4990 1.712 1.286 1.012 0.793 0.661

0.6479 1.778 1.335 1.047 0.831 0.694

0.7493 1.815 1.362 1.069 0.833 0.691

0.9041 1.914 1.433 1.124 0.879 0.733

0.9927 1.933 1.447 1.133 0.890 0.750

1.1758 2.010 1.502 1.173 0.915 0.759

1.5415 2.298 1.708 1.292 1.005 0.835

2.1484 2.612 1.932 1.493 1.158 0.948

Figure 7. Walden product,Λη, of aqueous solutions of1, ChCl andb,
Cl-ChCl at 298.15 K.

Table 7. Coefficients aj of Equation 2 (Y = η) for the
Viscosity, η, of Aqueous Solutions of ChCl (n = 1) and Cl-
ChCl (n = 2) at Temperature, T

T a0 a1 a2

K mPa 3 s mPa 3 s 3 kg 3mol�1 mPa 3 s 3 kg
2
3mol�2

ChCl

278.15 1.508 ( 0.006 0.286 ( 0.007

288.15 1.142 ( 0.004 0.223 ( 0.004

298.15 0.870 ( 0.004 0.176 ( 0.004

308.15 0.711 ( 0.003 0.144 ( 0.003

318.15 0.610 ( 0.004 0.112 ( 0.004

Cl-ChCl

278.15 1.516 ( 0.012 0.360 ( 0.029 0.073 ( 0.014

288.15 1.141 ( 0.008 0.268 ( 0.021 0.049 ( 0.010

298.15 0.904 ( 0.003 0.196 ( 0.008 0.036 ( 0.004

308.15 0.800 ( 0.004 0.157 ( 0.009 0.024 ( 0.004

318.15 0.596 ( 0.006 0.134 ( 0.014 0.013 ( 0.007
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Comparable literature data are only available from Fleming15 for
ChCl at 298.15 K. Generally, the agreement with the present
results is good.

Conductivities are well fitted by the Casteel�Amis equation,
eq 1, whereas low-order polynomials were used to fit F(m) and
η(m). Apparent molar volumes, ϕv, calculated from F are well-
described by the Redlich�Meyer approach, eq 4. The obtained
sensitivity parameter, h, suggests at best weak ion pairing for ChCl
and Cl-ChCl, whereas the Walden product at 298.15 K points at
significant ion�ion interactions and/or changes in ion hydration
with rising concentration. The small but notable difference in the h
values of ChCl(aq) and Cl-ChCl(aq), as well as the different
concentration dependence of the activation energy of viscous flow
might indicate that solvation effects predominate.

’ASSOCIATED CONTENT

bS Supporting Information. Coefficients of eq 2 (Table
S1), densities and dynamic viscosities of aqueous solutions of
Cl-ChCl as a function of solute molality (Figures S1 and S2), and
Arrhenius plots of aqueous solutions of ChCl and Cl-ChCl
(Figures S3 and S4). This material is available free of charge
via the Internet at http://pubs.acs.org.
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