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ay = {6n/[(n? - 1{n? + 2)]}(dn/dT) (6)

The computed values of agy and oy, are included in Table I.
These are found to be smaller than the directly measured values
of expansivities (o), the discrepancy being greater for o, than
for agy. A similar observation has been made by Rao et al.
(22), while analyzing their results on Ca(NO;),*4.1H,0 + KNO,
mixtures, and also by Jain (3). In this study, the ratio a/ag
has a value of 1.06 £ 0.04. This value agrees favorably with
those reported earlier by Rao et al. (22) and Jain (3).

Thus, these studies further support the idea that binary mix-
tures containing the tetrahydrates of calcium and cadmium
nitrates form an ideal molten system.
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Excess Volumes of Binary Mixtures of Isomeric Butyl Chlorides,
Pivalonitrile, and Methylchloroform with Nonpolar Solvents
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Excess volumes VE of binary mixiures of n-butyl chioride,
sec -butyl chioride, fert-butyl chloride, pivalonltrile, and
methyichloroform with benzene, carbon tetrachloride,
cyclohexane, and n-hexane at 293.15 K have been
computed from the experimental density data. Evidence
exists to suggest that the respective molecular shapes of
the components play a part In the determination of V&
values.

Introduction

Volume changes on mixing are of interest essentially to test
theories of solution and to determine practically composition
from density measurements (7). In this paper, we report the
volumetric behavior of some polar substances (n-butyl chioride,
sec-butyl chloride, tert-butyl chloride, pivalonitrile, methyl-
chioroform) In nonpolar solvents (benzene, carbon tetrachioride,
cyclohexane, n-hexane) at 293.15 K and atmospheric pressure.
These measurements were made as part of a continuing study
on the thermodynamic and electrical properties of liquid mix-
tures (2-8).

Experimental Section
Densities were measured with an accuracy of £5 X 105 g

cm™2 by the hydrostatical displacement method previously re-
ported (9). The temperature was maintained at 293.15 = 0.05
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Figure 1. Molar excess volumes of mixtures of butyl chlorides ((1)
n-butyl chloride, (2) sec-butyl chloride (3), tert-butyl chloride) with
nonpolar solvents ((A) benzene, (B) carbon tetrachloride, (C) n-hexane,
(D) cyclohexane) at 293.15 K.
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Table 1. Densities d (g cm™®) and Excess Volumes VE (cm?® mol™!) of Butyl Chlorides (1)-Cyclohexane Mixtures at 293.15 K

n-butyl chloride sec-butyl chloride tert-butyl chloride
X, d yE X, d VE X, d yE

0 0.778 56 0 0.778 53 0 0.778 53

0.08132 0.785 82 0.170 0.061 89 0.783 49 0.107 0.03721 0.78081 0.022
0.09708 0.787 29 0.195 0.127 68 0.78891 0.201 0.078 58 0.78334 0.047
0.23529 0.800 54 0.367 0.298 53 0.80373 0.348 0.205 75 0.791 29 0.097
0.35520 0.81272 0.435 0.35377 0.80873 0.369 0.371 88 0.801 89 0.124
0.475 37 0.82545 0.446 0.439 74 0.816 66 0.385 0.48523 0.809 22 0.125
0.56212 0.83495 0.423 0.57970 0.82998 0.364 0.58748 0.81590 0.112
0.714 89 0.85222 0.333 0.58212 0.83021 0.364 0.657 70 0.82051 0.100
0.75910 0.85736 0.295 0.787 56 0.85066 0.238 0.786 31 0.82898 0.071
0.83315 0.866 13 0.216 0.92191 0.86463 0.097 0.95392 0.840 14 0.012
0.93136 0.87801 0.092 1 0.87292 1 0.84305

1 0.886 43

Table II. Densities d (g cm™2) and Excess Volumes VE (cm® mol™") of Butyl Chlorides (1)-n-Hexane Mixtures at 293.15 K

n-butyl chloride sec-butyl chloride tert-butyl chloride
x, d yE x, d yE x, d vE

0 0.66157 0 0.66157 0 0.66157

0.06202 0.67258 0.060 0.05503 0.67071 0.082 0.047 06 0.668 28 0.106
0.12780 0.684 65 0.104 0.13542 0.684 55 0.172 0.129 66 0.68055 0.241
0.33214 0.72476 0.152 0.30472 0.71563 0.263 0.31540 0.70992 0.429
0.41027 0.741 15 0.151 0.38037 0.730 30 0.283 0.42550 0.72849 0.484
0.524 83 0.766 24 0.142 0.52228 0.75933 0.277 0.51060 0.743 56 0.485
0.62991 0.790 55 0.113 0.656 17 0.788 58 0.232 0.67002 0.773 56 0.403
0.745 00 0.818 54 0.084 0.75270 0.81084 0.185 0.698 50 0.779 01 0.402
0.82731 0.839 56 0.055 0.83274 0.83012 0.134 0.824 98 0.80475 0.276
0.914 36 0.86268 0.029 0.905 36 0.848 26 0.083 0.886 93 0.81797 0.193
1 0.886 44 1 0.87297 1 0.843 25

Table II. Densities d (g cm™) and Excess Volumes VE (cm® mol™') of Butyl Chlorides (1)-Carbon Tetrachloride Mixtures at 293.15 K

n-butyl chloride sec-butyl chloride tert-butyl chloride

x, d VE x, d VE X d VE
0 1.59407 0 1.594 07 0 1.59407
0.06275 1.546 67 -0.026 0.08258 1.53005 -0.057 0.05886 1.54572 -0.096
0.150 84 1.48086 —0.059 0.10475 1.51302 —0.072 0.14228 1.47776 -0.193
0.20192 1.44306 -0.075 0.25795 - 1.396 72 -0.140 0.26342 1.38093 ~-0.291
0.240 52 1.414 76 -0.092 0.37189 1.31227 -0.187 0.37463 1.29418 -0.350
0.38709 1.30848 -0.131 0.41395 1.281 50 -0.201 0.44459 1.24105 —0.403
0.444 83 1.267 17 -0.138 0.50398 1.216 20 -0.213 0.52009 1.18418 -0.413
0.519 14 1.214 57 —0.149 0.58365 1.15920 -0.212 0.69433 1.05660 -0.394
0.58411 1.168 94 -0.147 0.714 86 1.066 91 -0.187 0.83317 0.95840 -0.320
0.72260 1.073 15 -0.137 0.791 29 1.01421 -0.172 0.93561 0.88764 -0.201
0.82568 1.002 98 -0.107 0.887 32 0.948 69 -0.115 1 0.84317
0.94921 0.919 96 —-0.023 1 0.87295
1 0.886 42

Table IV. Densities d (g cm™) and Excess Volumes VE (cm® mol™!) of Butyl Chlorides (1)-Benzene Mixtures at 293.15 K

n-butyl chloride sec-butyl chloride tert-butyl chloride
xy d vE x d VE x, d vE

0 0.87895 0 0.87895 0 0.8789s5

0.05267 0.879 06 0.035 0.04121 0.878 52 0.014 0.036 67 0.877 54 -0.020
0.083 80 0.879 16 0.053 0.07354 0.878 26 0.017 0.045 22 0.87719 -0.022
0.14365 0.87951 0.069 0.096 64 0.878 08 0.019 0.13509 0.87391 ~0.079
0.246 98 0.88016 0.091 0.148 12 0.87770 0.022 0.24505 0.86996 -0.136
042254 0.881 50 0.096 0.32227 0.876 63 0.014 0.38082 0.86518 -0.188
0.468 59 0.88191 0.090 0.41829 0.876 09 0.008 0.46511 0.86220 -0.204
0.58153 0.88291 0.073 0.54315 0.87549 —0.009 0.55523 0.85909 -0.217
0.654 84 0.88355 0.060 0.621 83 0.87506 ~-0.013 0.70317 0.85388 -0.195
0.856 53 0.88528 0.021 0.725 88 0.87456 -0.023 0.848 64 0.848 62 -0.119
0.874 29 0.88541 0.020 0.85232 0.873 84 -0.019 0.906 16 0.846 55 -0.079
1 0.886 39 0.90024 0.87355 -0.015 1 0.843 16

1 0.87291
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Table V. Densities d (g cm™?) and Excess Volumes VE 0.6 | ;-4\\
(cm® mol™*) of Pivalonitrile (1)-r-Hexane, -Cyclohexane, Va i -\:\1
~Carbon Tetrachloride, and -Benzene Mixtures at 293.15 K r ; \“
x, d VE x, d VE — 04} 2\
n-Hexane ~ L
0 0.66157 - / '
0.06669 0.66614 0.211 0.63004 0.71745 0.497 g O'ZL i : \
0.11040 0.66940 0.308 0.71262 0.72654 0.428 5 / ]
0.28135 0.68349 0.516 0.82436 0.73955 0.295 e
0.38014 0.69240 0.563 0.91440 0.75068 0.156 >
0.55632 0.70966 0.545 1 0.76181 @ 0 N . —
. T
Cyclohexane Y \\,_.1«-" 3
0 0.778 50 U:‘ ' e
0.03185 0.77722 0.103 0.59223 0.76462 0.563 02 \-\,P-/‘4
0.11030 0.77457 0.290 0.68203 0.76358 0.499 O .
0.27508 077025 0.510 0.80489 0.76253 0.359 0 0.5 1
0.35807 0.76847 0.567 0.90134 0.76205 0.199 Mol. Fract. Rvadlonitrile
0.47295 0.76637 0.595 1 0.76181 Figure 2. Molar excess volumes of mixtures of pivalonitrite with

nonpolar solvents ((1) cyclohexane, (2) n-hexane, (3) benzene, (4)
0 0.878 87 carbon tetrachloride) at 293.15 K.

0.03889 0.87351 -0.019 0.55705 0.80835 --0.066 0 6

0.08263 0.86757 -0.037 0.64004 0.79901 -0.055
/*’\
5‘ L}
0.4 |

Benzene

0.20758 0.85100 -0.068 0.79791 0.78206 -0.031
0.32020 0.83665 -0.077 0.87579 0.77409 -0.022
044135 0.82183 -0.072 1 0.761 81

Carbon Tetrachloride
0 1.594 08
0.04976 1.54790 -0.022 0.59221 1.07878 -0.194
0.10006 150170 -0.038 0.66452 1.02041 -0.180
0.27215 1.34858 -—0.137 0.80868 0.90687 -0.127

-
2
"
1}
0.39899 1.23949 -0.190 0.90410 0.83376 -0.076 g R
0.47965 1.17162 -0.206 1 0.76181 5 ~
= 0.2
Table VI. Densities d (g cm™®) and Excess Volumes V'E o
(cm® mol™*!) of Methylchloroform (1)-7-Hexane, 7))
-Cyclohexane, ~Carbon Tetrachloride, and -Benzene (1] - '{‘
Mixtures at 293.15 K 8 $ 2
o L
X, d VE X, d VE X 0 k_{_’_._.;.
n-Hexane ul
0 0.66159 O O 5 1
0.03751 0.68081 0.071 0.56392 0.99564 0.274 MOlFPGCr Me[‘hy]ch|or‘ofor‘m
0.13680 0.73373 0.178 0.70596 1.09730 0.231
0.25706 0.80158 0.250 0.78100 1.15455 0.194 Figure 3. Molar excess volumes of mixtures of methyichioroform with
0.37852 0.87465 0.270 0.84367 1.20456 0.141 nonpolar solvents ((1) carbon tetrachloride, (2) benzene, (3) n-hexane,
0.45337 0.92196 0.289 0.97465 0.31574 0.005 {4) cyclohexane, (5) mesltylene) at 293.15 K.
0.47918 093887 0.272 1 1.33803
Cyclohexane K. Mixtures were prepared by weighing; the substances sup-
0 0.778 56 plied by Fluka and BDH were fractionnaly distiled and dried over
0.03195 0.79471 0.052 0.59712 1.09868 0.282 molecular sieves.
0.07270 0.81548 0.107 0.70739 1.16212 0.238
0.24334 0.90445 0.247 0.81082 1.22306 0.169 Results

0.38182 097884 0.298 0.89763 1.27517 0.104
1

049378 1.04045 0.309 133805 Experimental results are tabulated in Tables I-VI; the molar

0 504 13Carbon Tetrachloride excess volumes of mixing (V) have been calculated from ex-
0.12079 1.56217 0.008 0.54717 1.45185 0.007 perimental densities (d) and plotted as functions of mole fraction
0.25937 152594 0.009 0.69540 1.41428 0.002 (x) (Figures 1-3).
0.37839 1.49516 0.008 0.79207 1.38993 0.001
048260 1.46825 0.014 096218 1.34739 0.005 The maximum uncertainty in excess volumes is expected to
1 1.33807 be ~0.005 cm® mol~'. As far as we known, no VE values
Benzene have been reported in the iitterature for the binary liquid mixtures
0 0.878 99 considered here. (70-11).
0.06053 090973 0.020 0.56062 1.14885 0.034 It appears that the volumetric effects in these solutions are
8-2(9)(8) ig 8-g§§ 2‘51 8-8%2 8-;3; gg i%}t é 82 8‘85‘1’ governed by the respective molecular shapes of the compo-
0.38396 1.06741 0.043 0.89522 1.29455 0.011 nents. This is particularly observed for the mixtures of the buty!
045574 1.10084 0045 1 133807 chlorides with the apolar solvents used here, when the shape
. of the chain varles from the linear n-butyl chioride to the almost
Mesitylene spherical tert-butyi chioride. In the n-hexane and cyclohexane
0.06274 088598 0.095 055058 1183 22 8:‘;;? mixtures, V= values are always positive, but in the benzene and
0.10725 0.90136 0.164 0.84899 124025 0.319 carbon tetrachloride mixtures V* values are positive or nega-
0.32492 0.98332 0.389 0.91200 1.27942 0.199 tive. The same remarks are valid for the systems with the

0.45331 1.03740 0464 1 1.33797 globular pivalonitrile or methylchloroform.
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Excess Enthalpies of Some Binary Mixtures. n-Alkane + Aliphatic
Ether, n-Alkane + Hydroxy Ether, Aliphatic Ether + Hydroxy

Ether'
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Measurements of excess enthalples In a Picker flow
microcalorimeter were carrled out at 298.15 K for binary
mixtures of n-heptane with di-n-butyl ether, diethylene
glycol dimethyl ether, and 2-butoxyethanol and for
2-butoxyethanol with di-n-butyl ether, diethyl ether, and
diethylene giycol dimethyl ether. In all cases the excess
enthalpies are positive; for binary mixtures contalning an
ether their magnitude depends upon the molecular surface
fraction of the oxygen group In the ether molecule.

Molar excess enthalpies have been reported for aicohol +
ether mixtures (7); their interpretation in terms of a group
contribution model (2-4) necessitates evaluation of the inter-
change energy parameters for the pair of contacts oxygen
(~O-)/aliphatic (-CH; or -CH,~) from mixtures of aliphatic ether
+ n-alkane. Also a good check for the prediction of the
thermodynamic properties of mixtures containing the three
functional groups oxygen, hydroxyl (—-OH), and aliphatic, par-
ticularly with molecules having simultaneously the oxygen and
hydroxyl groups, is thus to have avallable the excess enthalpies
for the mixtures hydroxy ether + n-alkane as well as hydroxy
ether + aliphatic ether. Furthermore, since celiosolves, typified
here by 2-butoxyethanol, are solvents of highly technical im-
portance, then accumulation of further information about the
thermodynamic properties of such mixtures is essential to a
more complete understanding of their behavior.

We report here the excess enthalpies HE for the following
systems: di-n-butyl ether (CH4(CH,)30(CH,);CHj) + n-heptane,
diethylene glycol dimethyl ether (or diglyme, CH3O(CH,),0-
(CH,),0OCH;) + n-heptane; 2-butoxyethanol (CH,(CH,);0(C-
H,),OH) + n-heptane, + di-n-butyl ether, + diethyl ether (C-

TPart of the Doctoral Thesis of M. A. Villamafian, University of Valladolid,
Valladolid, Spain, Oct 1979. .

#0n leave from Departamento de Fisica Fundamental, Facultad de Clencias,
Universidad de Valladoiid, Valladolid, Spain.

H;CH,OCH,CH,), and + diethylene giycol dimethyl ether.

Experimental Section

Excess enthalpies were determined in a Picker flow micro-
calorimeter (from Setaram, France). Details of the auxilliary
equipment and of the operating procedure have been described
previously (7). The calorimeter was thermostated to £0.005
K, and the measurements were carried out at 298.15 K.

Ethers used in this work were the same as in previous works
(7, 5); their densities and heat capacltles are given in ref 7 and
5, respectively. n-Heptane (puriss.) was purchased from Fluka
with a reported purity of 299.5 mol %, its measured density
being 679.5 kg m-3; 2-butoxyethanol obtained from Merck was
pure grade with a reported purity of >99 mol % and had a
measured density of 896.0 kg m=3. Before actual measure-
ments all liquids were dried with molecular sieves (Union Car-
bide Type 4 A, 2.5-1.4-mm beads from Fluka).

Results and Discussion

Experimental values of the excess enthalpies are listed in
Table I; in all binaries x is the mole fraction of the first cited
component.

Each set of results was fitted with a polynomial form

n-1
HE = x(1 - x) X AU (1)
=0

Values of the coefficients A; were determined by the method
of (unweighted) least squares. It was found that the best fit
was obtained by using two different functions U(x) depending
on the shape of the HE curves: U= 2x -1, U= x"%¢c. The
U function used for each system is indicated in Tabie II, where
the corresponding values of A,, standard deviation ¢(H€), and
x range of fitting are listed.

For all of the mixtures o(HE)/HE < 0.013, HE _, being the
maximum value of the molar excess enthalpy with respect to
mole fraction x.
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