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The viscosity of dilute aqueous solutions of 2-methyl-2-propanol (tert-butyl alcohol, TBA) has been measured
between (-10 and 25) °C with a falling-body viscometer to a maximum pressure of 388 MPa. The expanded
uncertainty is estimated at ( 2 %. Comparison is made with earlier measurements of the intradiffusion
coefficient of water in TBA solutions under similar conditions. (K. R. Harris and P. J. Newitt, J. Phys.
Chem. A 1999, 103, 6508). At the higher concentrations, the fluidity, like the water self-diffusion coefficient,
is linear in the solution molar volume. As the solutions become more dilute and the molar volume decreases,
fluidity maxima appear, first at the lower temperatures, then gradually extending to higher temperatures.
The positions of the maxima vary with composition and temperature. Relative to the values at atmospheric
pressure, the maxima in the more dilute solutions (x ) 0.01, 0.025) are greater than those for pure water
under the same conditions and shifted to slightly higher pressures. Consistent with conclusions drawn from
high-pressure neutron-scattering studies (V. Calandrini et al. J. Phys.: Condens. Matter 2006, 18, S2363),
it appears that the effect of the dissolved solute is similar to that of a temperature drop of 5 K in pure water
in terms of the effect on the relative viscosity.

Introduction

Alcohol-water mixtures are an important class of solvents
that have attracted a great deal of experimental, computational,
and theoretical investigation. For example, they have been used
as solvent systems for studies of the electrical conductivity of
strong and weak electrolytes. Varying the composition changes
the viscosity and the dielectric constant, and both these quantities
appear in the models used to describe the ion-ion interactions
in such systems.1-4 Studies of the hydrophobic effect have been
another major application, the aim being to examine how, and
even whether, water structure is affected by a nonpolar group
in a small molecule readily solvated by water and how this
information might be applied to understand the forces that
control the structure of biomolecules in aqueous solution.5-7

Of the small alcohols fully miscible with water near room
temperature and atmospheric pressure, 2-methyl-2-propanol
(tert-butanol or TBA) has been regarded as the most “hydro-
phobic” due to the symmetry and compactness of its alkyl group.
Extensive neutron scattering studies have been made in recent
years of the solution structure by Finney, Soper, Bowron, and
co-workers, principally at low concentrations in the mole
fraction range 0.02 to 0.16.8-12 They have concluded that
structural changes are produced in the second hydration sphere
of a water molecule,7,9 rather than the first, and that there are
no clathrate-like first hydration structures or classical Frank-
Wen “icebergs” around solute molecules in dilute solutions.
Rather, at TBA mole fractions x ) 0.02 and 0.04, the TBA
molecules tend to cluster with direct nonpolar headgroup
contacts.9,10 Hydrogen-deuterium isotopic substitution tech-
niques have been employed, so that any isotope effects in
solution structure are necessarily smoothed out, and the solution

structure is determined as the result of iterative Monte-Carlo
computations used to best fit the experimental scattering data.
These studies have been conducted near and above room
temperature, as the hydrophobic effect increases with temper-
ature.13 To cite Southall, Dill and Haymet,14 “Hydrophobicity
is entropic in cold water, and enthalpic in hot water”. On the
other hand, the anomalous behavior of water, relative to other
molecular liquids, and of its solutions is more pronounced at
subambient temperatures.15

This laboratory has previously reported high-pressure studies
of the intradiffusion coefficient of water in dilute TBA solutions
in the range (-10 to 25) °C at pressures to approximately 400
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Table 1. Density G of Aqueous TBA Solutions

x 0.00982 0.02462 0.05982 0.09495
θ/°C F/g · cm-3

0.00 0.993577 0.987471 0.979211 0.963617
10.00 0.993663 0.987187 0.976858 0.959886
20.00 0.992714 0.985566 0.971477 0.952493
25.00 0.990540 0.982769 0.965475 0.945112

Table 2. Tait Equation Parameters, G ) G(0.1 MPa)/(1 - C ln
[(B + p)/(B + 0.1)])

x θ/°C 25 15 5 0 -5 -10

0a B/MPa 286.5 268.9 247.4 235.6
C 0.1318 0.1286 0.1251 0.1237

0.00982 B/MPa 337.7 313.6 288.9 269.8 249.1
C 0.1463 0.1385 0.1380 0.1388 0.1384

0.02462 B/MPa 330.9 344.7 334.6 340.4 339.8
C 0.1460 0.1433 0.1479 0.1499 0.1517

0.05982 B/MPa 285.6 305.6 384.3 394.5 416.8 440.4
C 0.1138 0.1278 0.1376 0.1497 0.1564 0.1639

0.09495 B/MPa 209.1 214.6 220.3 223.9
C 0.1034 0.1022 0.1031 0.1031

a Derived from data calculated from NIST/ASME (IAPWS 1995)
Steam Database ver. 2.2 for pure water.
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Table 3. Viscosity η of Aqueous TBA Solutions

x ) 0.00982, θ ) 25.00 °C x ) 0.00982, θ ) 25.00 °C x ) 0.02462, θ ) 25.00 °C x ) 0.02462, θ ) 25.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 36.10 0.99054 1.087 175.5 37.35 1.05510 1.114 0.1 48.21 0.98277 1.453 150.5 50.29 1.03962 1.504
0.1 36.16 0.99054 1.089 200.5 37.81 1.06298 1.126 0.3 48.12 0.98284 1.451 174.9 50.83 1.04762 1.518
0.4 36.09 0.99065 1.087 225.5 38.27 1.07060 1.139 1.2 48.05 0.98326 1.449 199.7 51.54 1.05549 1.537
6.2 36.08 0.99313 1.086 250.5 38.84 1.07802 1.155 3.0 48.14 0.98401 1.451 224.4 52.29 1.06306 1.558
11.3 36.07 0.99530 1.085 275.5 39.41 1.08520 1.170 5.5 48.18 0.98509 1.452 250.2 53.10 1.07076 1.580
25.7 36.02 1.00124 1.083 300.5 40.03 1.09220 1.187 10.6 48.18 0.98726 1.452 275.1 53.80 1.07794 1.599
50.2 36.04 1.01098 1.082 325.5 40.66 1.09900 1.205 25.2 48.29 0.99335 1.454 300.2 54.77 1.08498 1.626
75.6 36.15 1.02066 1.084 350.3 41.42 1.10559 1.226 50.2 48.56 1.00340 1.460 325.0 55.68 1.09177 1.652
100.6 36.35 1.02976 1.088 75.0 48.91 1.01292 1.468 350.1 56.75 1.09846 1.682
125.5 36.61 1.03852 1.095 100.5 49.33 1.02232 1.479 374.5 57.84 1.10482 1.713
150.5 36.93 1.04696 1.103 125.5 49.74 1.03114 1.489

x ) 0.05982, θ ) 25.00 °C x ) 0.05982, θ ) 25.00 °C x ) 0.09495, θ ) 25.00 °C x ) 0.09495, θ ) 25.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 78.7 0.96548 2.380 175.5 103.4 1.01756 3.103 0.1 102.40 0.94511 3.106 125.6 143.04 0.99337 4.307
0.1 78.8 0.96548 2.383 200.4 107.0 1.02363 3.209 0.1 102.87 0.94511 3.120 150.6 151.29 1.00119 4.551
5.6 79.6 0.96743 2.406 225.4 110.5 1.02946 3.310 1.1 102.84 0.94557 3.119 175.5 160.99 1.00861 4.837
10.6 80.2 0.96923 2.425 250.2 114.5 1.03506 3.427 3.0 103.71 0.94645 3.145 200.5 170.03 1.01565 5.104
30.6 83.0 0.97605 2.507 272.2 118.1 1.03987 3.533 5.4 104.31 0.94756 3.162 225.3 179.88 1.02234 5.394
50.1 85.7 0.98243 2.583 297.5 123.1 1.04520 3.679 10.7 106.05 0.94994 3.214 249.8 190.15 1.02864 5.697
75.0 88.9 0.99011 2.678 317.1 126.1 1.04921 3.768 25.4 110.62 0.95640 3.349
100.6 92.2 0.99763 2.774 337.4 130.6 1.05326 3.900 50.1 118.31 0.96652 3.577
125.5 95.9 1.00457 2.881 355.2 133.0 1.05673 3.969 75.6 126.37 0.97621 3.815
150.5 99.7 1.01120 2.993 100.6 134.33 0.98507 4.050

x ) 0.00982, θ ) 15.00 °C x ) 0.00982, θ ) 15.00 °C x ) 0.02462, θ ) 15.00 °C x ) 0.02462, θ ) 15.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 47.77 0.99271 1.439 209.8 47.96 1.06849 1.428 0.1 67.36 0.98557 2.031 174.2 67.76 1.04688 2.024
2.8 47.73 0.99388 1.437 232.9 48.48 1.07542 1.442 0.1 67.36 0.98557 2.030 199.0 68.40 1.05440 2.041
5.1 47.58 0.99491 1.432 254.6 49.06 1.08173 1.458 1.4 67.33 0.98609 2.030 222.8 69.05 1.06136 2.059
9.4 47.57 0.99675 1.432 278.1 49.70 1.08838 1.476 3.1 67.17 0.98677 2.025 249.4 69.96 1.06892 2.083
23.9 47.24 1.00289 1.420 301.6 50.43 1.09485 1.496 5.6 67.24 0.98779 2.026 274.8 70.90 1.07590 2.109
47.2 46.89 1.01232 1.408 323.8 51.15 1.10083 1.516 10.5 67.18 0.98979 2.024 299.6 72.03 1.08256 2.141
70.4 46.69 1.02131 1.400 25.5 66.94 0.99571 2.015 324.7 73.12 1.08912 2.171
93.7 46.64 1.02995 1.397 50.3 66.68 1.00514 2.004 348.4 74.30 1.09515 2.204
117.0 46.70 1.03826 1.397 75.5 66.64 1.01432 2.000 371.9 75.69 1.10099 2.243
140.2 46.88 1.04623 1.400 100.5 66.63 1.02304 1.997
163.5 47.14 1.05392 1.407 125.5 66.92 1.03143 2.004
186.6 47.51 1.06132 1.416 149.0 67.27 1.03902 2.012

x ) 0.05982, θ ) 15.00 °C x ) 0.05982, θ ) 15.00 °C x ) 0.05982, θ ) 15.00 °C x ) 0.09495, θ ) 15.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 124.7 0.97148 3.769 75.6 139.7 0.98352 4.213 221.4 164.4 1.00174 4.947 0.1 166.7 0.95249 5.053
0.1 124.6 0.97148 3.765 100.6 144.0 0.98704 4.342 247.1 168.5 1.00448 5.070 0.1 167.2 0.95249 5.067
5.5 125.9 0.97242 3.802 125.5 148.1 0.99036 4.464 273.4 173.7 1.00716 5.226 25.7 181.8 0.96356 5.501
10.7 127.0 0.97331 3.835 150.5 152.4 0.99353 4.592 298.0 178.3 1.00958 5.363 50.6 196.5 0.97347 5.937
25.7 130.2 0.97583 3.931 174.7 156.3 0.99645 4.707 322.4 182.8 1.01189 5.494 75.6 211.7 0.98273 6.389
50.2 135.0 0.97973 4.075 196.3 159.9 0.99895 4.815 349.8 187.7 1.01439 5.642 100.5 228.1 0.99130 6.874

125.5 244.9 0.99941 7.371
150.0 261.9 1.00692 7.874

x ) 0.00982, θ ) 5.00 °C x ) 0.00982, θ ) 5.00 °C x ) 0.02462, θ ) 5.00 °C x ) 0.02462, θ ) 5.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 66.72 0.99366 2.009 249.4 64.07 1.08698 1.903 0.1 101.41 0.98719 3.057 174.7 94.40 1.05255 2.818
0.1 66.88 0.99366 2.014 274.7 65.00 1.09458 1.929 0.1 100.66 0.98719 3.035 199.7 94.80 1.06056 2.827
3.0 66.61 0.99502 2.006 300.3 65.96 1.10203 1.955 0.1 100.88 0.98719 3.041 224.5 95.46 1.06827 2.844
5.0 66.45 0.99599 2.001 325.3 67.07 1.10908 1.986 0.1 100.47 0.98719 3.029 249.7 96.33 1.07586 2.866
10.4 66.04 0.99851 1.988 348.6 68.19 1.11548 2.017 0.1 100.69 0.98719 3.036 250.4 96.50 1.07604 2.871
25.2 65.05 1.00523 1.956 3.0 100.39 0.98846 3.026 273.5 97.75 1.08281 2.906
50.3 63.70 1.01612 1.912 5.6 100.01 0.98957 3.014 275.1 97.48 1.08327 2.897
75.6 62.81 1.02654 1.883 10.7 99.59 0.99175 3.000 299.2 98.85 1.09014 2.935
100.6 62.34 1.03634 1.866 25.7 98.40 0.99806 2.962 324.5 100.63 1.09716 2.985
125.5 62.10 1.04568 1.856 50.0 96.96 1.00792 2.914 349.0 102.26 1.10377 3.030
150.2 62.19 1.05457 1.856 75.6 95.67 1.01782 2.871 387.8 105.22 1.11394 3.113
174.8 62.34 1.06305 1.858 100.5 94.83 1.02705 2.842
200.0 62.74 1.07142 1.868 124.3 94.41 1.03552 2.826
225.0 63.34 1.07942 1.884 149.4 94.29 1.04415 2.819
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MPa using spin-echo 1H NMR.16,17 In this temperature range,
pure water shows one of its classic “anomalies”; that is, the
self-diffusion coefficient initially increases with increasing
pressure, passes through a maximum, and then declines.15,18-20

Relative to atmospheric pressure values, the maximum is greater
in size and shifts slightly to higher pressures, the lower is the
temperature. The maximum disappears at approximately 30 °C.

Similar pressure-induced maxima occur for the tracer diffusion
of methanol and ethanol at infinite dilution in water, and these
are actually larger than for pure water under the same condi-
tions.21

These effects are usually interpreted as being due to
changes in water structure and the distortion of H-bonding
due to an increase in pressure. In nearly all other liquids,

Table 3 Continued

x ) 0.05982, θ ) 5.00 °C x ) 0.05982, θ ) 5.00 °C x ) 0.09495, θ ) 5.00 °C x ) 0.09495, θ ) 5.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 223.6 0.97686 6.754 125.5 255.0 0.99363 7.686 0.1 311.89 0.95989 9.445 44.8 372.04 0.97852 11.24
0.1 223.6 0.97686 6.752 148.0 259.8 0.99624 7.827 0.1 313.00 0.95989 9.478 60.6 394.50 0.98452 11.90
24.1 231.2 0.98041 6.980 174.2 265.3 0.99917 7.990 0.1 312.73 0.95989 9.470 75.6 416.47 0.98996 12.56
50.6 238.6 0.98411 7.198 198.6 270.7 1.00178 8.149 11.1 325.36 0.96474 9.846 90.3 438.76 0.99509 13.22
75.6 244.4 0.98745 7.372 222.9 277.0 1.00430 8.337 15.6 332.17 0.96665 10.05
100.6 249.8 0.99061 7.532 241.5 280.6 1.00617 8.443 30.6 352.31 0.97287 10.65

x ) 0.00982, θ ) 0.00 °C x ) 0.00982, θ ) 0.00 °C x ) 0.02462, θ ) 0.00 °C x ) 0.02462, θ ) 0.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 80.76 0.99358 2.433 174.8 72.70 1.06754 2.166 0.1 127.53 0.98747 3.845 148.9 114.01 1.04423 3.409
0.1 80.92 0.99358 2.438 200.0 73.08 1.07638 2.175 0.3 127.42 0.98757 3.842 174.4 113.83 1.05272 3.399
2.9 80.62 0.99503 2.428 224.3 73.59 1.08463 2.187 1.2 127.21 0.98796 3.835 199.3 114.11 1.06070 3.404
5.2 80.36 0.99616 2.420 249.6 74.31 1.09289 2.206 3.0 126.93 0.98872 3.827 224.4 114.49 1.06854 3.411
10.6 79.65 0.99887 2.398 274.4 75.31 1.10073 2.233 5.5 126.60 0.98983 3.816 249.4 115.49 1.07610 3.437
25.5 78.01 1.00614 2.346 300.3 76.55 1.10863 2.267 10.7 125.60 0.99202 3.784 274.7 116.86 1.08354 3.474
50.5 75.86 1.01779 2.277 325.2 77.69 1.11603 2.298 25.7 123.30 0.99832 3.712 298.1 118.26 1.09022 3.512
75.5 74.35 1.02877 2.228 350.2 78.91 1.12325 2.332 50.6 120.19 1.00838 3.613
100.6 73.32 1.03922 2.194 74.9 117.60 1.01779 3.530
125.5 72.84 1.04915 2.176 100.6 115.90 1.02730 3.474
150.2 72.60 1.05855 2.166 124.0 114.79 1.03565 3.436

x ) 0.05982, θ ) 0.00 °C x ) 0.05982, θ ) 0.00 °C x ) 0.05982, θ ) 0.00 °C x ) 0.09495, θ ) 0.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 317.4 0.97921 9.584 50.0 334.0 0.98684 10.08 149.0 356.9 1.00002 10.75 0.10 456.5 0.96362 13.82
0.1 318.2 0.97921 9.608 75.6 340.6 0.99048 10.27 174.3 362.7 1.00305 10.92 12.70 483.8 0.96908 14.63
11.0 322.1 0.98095 9.724 100.6 346.4 0.99386 10.44 196.1 366.9 1.00556 11.04 25.25 511.0 0.97430 15.44
25.6 327.1 0.98321 9.871 125.5 352.0 0.99709 10.61 198.0 368.2 1.00578 11.08 49.77 568.9 0.98393 17.17

x ) 0.00982, θ ) -5.00 °C x ) 0.00982, θ ) -5.00 °C x ) 0.02462, θ ) -5.00 °C x ) 0.02462, θ ) -5.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 99.8 0.99323 3.007 150.4 85.66 1.06263 2.554 0.1 165.7 0.98750 4.996 149.4 140.4 1.04523 4.198
0.1 100.4 0.99323 3.025 175.3 85.55 1.07224 2.548 5.2 164.4 0.98974 4.955 174.8 139.6 1.05378 4.170
11.5 97.25 0.99940 2.928 200.3 85.92 1.08151 2.555 10.8 162.4 0.99216 4.894 199.9 139.5 1.06197 4.160
26.0 94.66 1.00699 2.847 225.4 86.46 1.09044 2.568 25.6 158.3 0.99845 4.767 225.0 139.8 1.06990 4.166
51.3 91.08 1.01961 2.734 250.4 87.38 1.09900 2.592 30.4 156.9 1.00044 4.722 250.2 140.8 1.07763 4.190
75.6 88.82 1.03099 2.661 275.5 88.18 1.10730 2.612 50.6 152.3 1.00869 4.579 274.6 141.9 1.08491 4.219
76.0 88.84 1.03116 2.662 300.2 89.49 1.11523 2.648 75.0 147.7 1.01827 4.434
100.6 87.19 1.04209 2.608 325.9 91.33 1.12321 2.699 100.4 144.3 1.02781 4.326
125.5 86.15 1.05263 2.573 350.9 92.93 1.13074 2.743 124.9 142.0 1.03667 4.250

x ) 0.05982, θ ) -5.00 °C x ) 0.05982, θ ) -5.00 °C x ) 0.05982, θ ) -10.00 °C x ) 0.05982, θ ) -10.00 °C

p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s p/MPa t/s F/g · cm-3 η/mPa · s

0.1 469.8 0.98145 14.18 24.7 481.4 0.99034 14.51 0.1 737.9 0.98351 22.28 125.4 751.9 1.02559 22.56
0.1 471.1 0.98145 14.22 50.3 488.8 0.99921 14.72 30.2 746.2 0.99428 22.49 125.9 753.5 1.02572 22.61
0.1 471.3 0.98145 14.23 75.5 494.0 1.00766 14.86 31.1 746.5 0.99459 22.50 140.9 753.3 1.03034 22.59
0.1 471.5 0.98145 14.23 100.4 498.8 1.01570 14.99 46.4 745.7 0.99987 22.46 146.4 757.8 1.03199 22.71
6.5 474.7 0.98379 14.33 120.6 501.5 1.02205 15.05 79.2 747.2 1.01086 22.47
11.4 477.6 0.98558 14.41 140.7 505.1 1.02818 15.15 101.0 749.2 1.01790 22.50

Table 4. Coefficients of Best Fit for Equation 2 (Modified VFT Equation)

x 0 (H2O) 0.00982 0.02462 0.05982 0.09495 0 (D2O)
a -3.4216 -3.2778 -3.3600 -3.7784 -2.6578 -3.4134
b ·103/MPa-1 4.2130 5.0963 5.7191 4.4806 -1.1213 4.8488
c ·106/MPa-2 -7.1452 -8.3030 -8.9266 -0.36072 0.0 -8.3586
d/K 479.73 436.59 451.33 499.10 335.70 488.94
e/(K ·MPa-1) -0.66589 -0.70364 -0.68650 -0.29494 0.34141 -0.74755
f ·103/(K ·MPa-2) 1.5945 1.5386 1.2988 -0.10832 -0.12121 1.7230
g ·107/(K ·MPa-3) -7.0780 -6.2832 -2.4950 1.6556 0.0 -6.6113
T0/K 153.27 168.36 177.23 190.56 209.69 158.72
δ () d/T0) 3.13 2.59 2.55 2.62 1.60 3.08
standard uncertainty of fit/% 0.4 0.5 0.4 0.6 0.3 1.4
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compression slows diffusion. In water, it is supposed that
there is a competing effect due to pressure-induced structural
change that initially increases molecular mobility. This is
stronger at low temperatures, but the effects of compression
dominate at higher pressure and at higher temperatures. More
subtle interpretations are possible. Errington and Debene-
detti,15 for example, distinguish between a structurally
anomalous region where water becomes more disordered
when compressed with both translational and orientational
order decreasing with increasing density and a region of
smaller area (in terms of state points) where the transport
property anomalies occur. It should be noted that the pressure
dependence of water self-diffusion and viscosity remain
unusual above 30 °C, and the self-diffusion coefficient does
not show the linear volume dependence typical of (very
simple) molecular fluids22 until the temperature is above 100
°C.23

In dilute water + TBA solutions, the diffusivity-maximum
effect is enhanced.16,17,24 While the water self-diffusion coef-
ficients are reduced by the presence of the solute as the
concentration is increased, as is typical of aqueous nonelectrolyte
solutions, the relative self-diffusion coefficients pass through
maxima at the lower concentrations and at the lower temper-
atures. Compared to pure water under the same conditions, the
enhancement (relative to atmospheric pressure values) is larger
and shifted to higher pressures. That is, the presence of the TBA
molecule appears to increase the structure of the water in which
it is dissolved. Similar conclusions have been drawn from high-
pressure relaxation time studies25 and molecular dynamics
simulations.26,27

In our diffusion work, the TBA proton signal was removed
by using fully deuterated TBA as the solute. Consequently,
there exists the possibility of an isotope effect, though it was
argued that this should be small as it was the motion of the
water that was being measured, the solutions were dilute,
and it was the relative effect of pressure that was being
examined at any given composition and temperature. Here
we report complementary viscosity measurements on undeu-
terated water-TBA samples under a similar range of
conditions. The results match those of our earlier self-
diffusion studies.

Experimental Section

Solutions were prepared from Aldrich TBA, purity 99.5
%, and deionized water (Waters Millipore MilliQ ion-
exchange system). Densities at atmospheric pressure were

determined using an Anton-Paar DMA5000 vibrating tube
densimeter, with an expanded uncertainty of 0.000 05
g · cm-3. The in-built viscosity correction for this instrument
has been confirmed for samples with known densities and
with viscosities as high as 16 Pa · s.28 TBA mole fractions
(x) were calculated from the measured densities using the
results of Sakurai for 25 °C.29 The uncertainty in the mole
fractions is estimated at ( 0.000 05.

The experimental methods for the viscosity measurements have
been given previously.28,30 In this case, only one sinker was
employed, with a nominal diameter of 6.3 mm for which the
calibration was determined for 14 measurements with viscosity
standard fluids between (0.5 to 202) mPa · s.28,30 The fall times are
the average of at least three replicates. A combination of the
uncertainties in replicate measurements (( 1 %) determined from
up to ten measurements at randomly selected state points, the
calibration (( 1 %), and the calibrant viscosities in quadrature
yields an expanded uncertainty of ( 2 %.

Falling body viscosity measurements require an estimate for the
density for the buoyancy factor (1 - F/Fs) in the primary working
equation

η(p, T))
t(1-F ⁄ Fs)

A[(1+ 2R(T- Tref)][1- 2�(p- pref) ⁄ 3]
(1)

where F/Fs is the ratio of the density F for the fluid at the
temperature T and pressure pof the measurement to that of the
sinker, Fs (7.285 g · cm-3 at 25 °C). The other quantities in eq
1 are the calibration constant, A [(28.72 ( 0.03) ·103 Pa1-],
the fall time, t, and R (1.60 ·10-5 K-1) and � (2.00 ·10-6

MPa-1), the coefficients of expansion and compressibility of
the sinker and viscometer tube material, 316 stainless steel, at
25 °C and 0.1 MPa. Solution densities were obtained either from
directly measured pVT data,31-33 which cover the range θ )
(5 - 75) °C, pmax ) 325 MPa, xmax ) 0.5, or by interpolation
or extrapolation of Tait equation parameters derived from this
data and that for pure water for the temperature and pressure
required. Though the Tait parameters are strongly temperature
and pressure dependent below x ) 0.2, the density need only
be known to better than 0.5 % to give 0.1 % uncertainty in the
buoyancy factor in eq 1. The viscosity tables presented below
give sufficient detail for the viscosities to be recalculated should
more extensive pVT data become available. The range of
pressures covered for each composition and isotherm was limited
by the freezing pressures, which vary in a complex way with
composition and temperature. There are two eutectic points at
atmospheric pressure,34 one at x ) 0.06 which moves to lower
temperatures as the pressure is increased and one at x ) 0.63
which moves to high temperatures and slightly lower TBA mole
fraction as the pressure is increased.35,36 It is important to avoid
freezing of the samples as then the sample cell usually leaks
when the pressure is subsequently released, with consequent
contamination of the sample with hydraulic fluid. The isotherm
at -10 °C and x ) 0.05982 was very difficult to measure for
this reason as it lies in a narrow liquid “V” between two solid
phases (see Figure 4 of ref 17). Replicate data in the tables for
p ) 0.1 MPa reflect repeat fillings and checks that samples had
not been contaminated during pressure cycles. A filling can
require a resetting of the verticality of the viscometer vessel.
The uncertainty for the viscosities includes the effects of such
changes: fall-times at a single state point for a given sample
have less uncertainty, usually being reproducible within a few
tenths of 1 %.

Figure 1. Temperature-corrected fluidity (φ ) 1/η) of aqueous TBA
solutions at 0 °C as a function of molar volume, V. Symbols: O, water;37

0, x ) 0.00982; 4, x ) 0.02462; 3, x ) 0.05982; ], x ) 0.09495.
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Results and Discussion

The density results at atmospheric pressure are presented in
Table 1. The Tait equation parameters used at high pressure
are given in Table 2.

Table 3 lists the viscosity results. These can be reproduced
using a modified Vogel-Fulcher-Tammann equation.

η ⁄ mPa · s) exp{a+ bp+ cp2 + (d+ ep+ fp2 + gp3) ⁄
(T- T0)} (2)

The coefficients are given in Table 4, together with values
derived from our earlier measurements for water37 for com-
parison. (The data are equally well fit if T0 is allowed to be
pressure dependent, as in the equation MVFT2 that we have
used elsewhere for ionic liquids.38) The value T0 ) 153 K for

water, which can be related to the glass transition temperature
Tg,39 is typical for values derived from bulk transport properties
in the liquid region.40 It corresponds to Tg ) 160 K, at the upper
end of the range estimated for this substance, for which the
glass transition is difficult to characterize.41 For the TBA
solutions, T0 and the Angell strength parameter (δ ) d/T0)
increase and decrease (with some scatter), respectively, with
increasing TBA mole fraction. However, given the narrow range
of temperatures used in these experiments, these values are best
regarded as parameters of best fit, and we do not attempt further
interpretation in this paper.

Figures 1 and 2 illustrate the temperature, density, and
composition dependence of the viscosity. As the fluidity
(reciprocal viscosity, φ) for simple molecular fluids, like the

Figure 2. Temperature-corrected fluidity (φ ) 1/η) of aqueous TBA solutions as a function of molar volume, V. (a) x ) 0.09495: 25 °C, (�T/η)/(K0.5/
mPa · s) ≡ y ) 1.2575 · (V/cm3 ·mol-1) - 25.524; 15 °C, y ) 0.9087 · (V/cm3 ·mol-1) - 18.923; 5 °C, y ) 0.5868 · (V/cm3 ·mol-1) - 12.510; 0 °C, y )
0.4653 · (V/cm3 ·mol-1) - 10.076. (b) x ) 0.05982: 25 °C, (�T/η)/(K0.5/mPa · s) ≡ y ) 1.5110 · (V/cm3 ·mol-1) - 26.183; 15 °C, y ) 1.5912 · (V/cm3 ·mol-1)
- 30.521; 5 °C, y ) 0.7625 · (V/cm3 ·mol-1) - 14.226; 0 °C, y ) 0.3904 · (V/cm3 ·mol-1) - 6.8074. Note that the (-5 and -10) °C isotherms are actually
nonlinear. (c) x ) 0.02462. (d) x ) 0.00982. (e) Water: data from ref 37. Symbols: b, 25 °C; 9, 15 °C; 0, 10 °C; 2, 5°; 1, 0 °C; [, -5 °C; ×, -10 °C;
O, -15 °C.
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self-diffusion coefficient, is often a simple function of the molar
volume, V,30,42,43 the quantity (�T/η) is shown plotted against
V in these figures. The �T factor removes the first-order
temperature dependence given by simple kinetic theory.22 Figure
1 shows isotherms at 0 °C, illustrating the trends from pure
water,37 with the its well-established maximum in the fluidity,
to mole fraction x ) 0.096 where the fluidity is a linear function
of the molar volume. There is an overall increase in viscosity
of an order of magnitude over this range of compositions. Figure
2a shows isotherms for x ) 0.096: all are linear in V. Figures
2b to 2e show the isotherms for the other compositions,
including water. As the solutions become more dilute and the
molar volume decreases, the fluidity maxima appear, first at
the lower temperatures, then gradually extending to higher
temperatures. The positions of the maxima vary with composi-
tion and temperature.

The behavior of the fluidity maxima or viscosity minima is
made more apparent if relative values are plotted as a function
of pressure or volume and compared to those for pure water.
Figures 3 and 4 illustrate this. In Figure 4, where the -5 °C
isotherm for water is superposed on the plots of the relative
viscosity versus the volume ratio, [k ) V(p)/V(0.1 MPa)], for
x ) 0.01 and x ) 0.025, it appears that the effect of the dissolved
solute is similar to that of a drop of 5 K in pure water in terms
of the effect on the relative viscosity.

The interpretation of these effects is not straightforward
without direct structural or spectroscopic studies of water +
TBA solutions at the temperatures considered here. Certainly,
there are numerous studies at higher temperatures that have
concluded that there is hydrophobically driven TBA association
in dilute solution. These include NMR relaxation time measure-
ments44 where the maximum effect (at 25 °C) was put at x )

Figure 3. Relative viscosity [ηrel ) η/η(0.1 MPa)] of aqueous TBA solutions as a function of pressure, p. The blue curves show ηrel for pure water at the
same temperatures. Symbols: as in Figure 2. (a) x ) 0.00982, (b) x ) 0.02462, (c) x ) 0.05982, (d) x ) 0.09495.

Figure 4. Relative viscosity [ηrel ) η/η(0.1 MPa)] of aqueous TBA solutions as a function of relative molar volume, [Vrel ) V/V(0.1 MPa)]. The blue curves
show ηrel for pure water at (25 and -5) °C. Symbols: as in Figure 2. (a) x ) 0.000982, (b) x ) 0.02462.
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0.02 to 0.03, consistent with this work and the neutron scattering
and computer simulation studies cited in the Introduction.7-12,26

Koga and co-workers,45-53 basing their arguments on a large
number of thermodynamic property measurements (including
heat capacity, expansivity, speed of sound, and particularly their
derivatives with respect to composition), have argued that such
association occurs at a slightly higher composition, x ) 0.045.
Mizuno and co-workers54 have interpreted the composition
dependences of water proton and TBA 13C NMR chemical shifts
and the TBA C-H IR stretching band at 23.3 °C as indicating
that there are highly polarized, more strongly H-bonded water
molecules in dilute TBA solutions (x < 0.16), with the
maximum effect at x ) 0.04.

Of particular interest is the quasi-elastic neutron-scattering
study of Calandrini et al.55 made at 20 °C. They concluded that
the “temperature dependence of the diffusivity parameters in
pure water and their concentration dependence in TBA solutions
can be rescaled on a common curve attributing to each solution
a concentration-dependent “structural temperature” lower than
the actual thermodynamic one”. This was reinforced by a
subsequent high-pressure study, with measurements made at (-5
and 5) °C.24 There, this relationship was expressed as

Ts ) T- a ′ x (3)

where Ts is a “structural temperature” and a′ had the value (540
( 40) K. Applying a similar argument to the T0 values obtained
from the VFT fits yields a′ ) (534 ( 62) K, which is in good
agreement.
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