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Density and Volumetric Behavior of 1,2-Dimethoxyethane + Water

Binary Mixtures from —10 to 80 °C
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The densities (p) and excess molar volumes (VE) for 1,2-dimethoxyethane + water binary mixtures were determined,
when possible, at 19 different temperatures ranging from —10 up to +80°C. The experimental measurements were used
to test some empirical relations giving the dependence of the density on the temperature and binary composition: p= p(?),
p=pX1), and p=p(¢,X;). Furthermore, the results of VE calculations are discussed in terms of the influence of interactions
between the components, of the order and degree of packing in the mixtures, and of the free-volume differences.

In recent years, specific intermolecular interactions in bi-
nary liquid mixtures, both the non-hydrogen and hydrogen
bonding types, were investigated in our laboratories based
on the thermophysical measurable properties, such as the
density (p), viscosity (either kinematic, v/cSt (1 St=10"*
m?s™1), or dynamic, 7/cP (1 cP=mPa S)), dielectric constant
(&), refractive index (n), and some related quantities. In or-
" der to achieve such an extensive variety of results we chose
for this research program some nonaqueous solvents, which
were mixed with one another and with water.!—

Particular attention was paid in our previous studies to
some 1,2-ethanediyl-derivatives, such as 1,2-ethanediol
(ED), 2-methoxyethanol (ME), and 1,2-dimethoxyethane
(DME), among other species. Along these research lines,
we present here a detailed inspection of the densities and
related volumic properties of DME (component 1) + water
(W, component 2) binary mixtures.

DME is one of the simplest amphiphilic species, which is
only slightly polar (£ =1.17 D (1 D=3.335x10730 Cm))®
and quite miscible with water, even if very consistent hy-
drophobic hydration effects are present.” The composition
dependence of the thermophysical properties of the mixed-
nonelectrolytic systems, along with the spectroscopic tech-
niques, has proven to be very informative in helping us to
understand the nature and extent of the molecular aggrega-
tion and resulting patterns from the intermolecular interac-
tions between the components.>? Even though DME is a
very important nonaqueous species for a variety of techni-
cal applications!? and electrochemical studies,'? it seems to
us that the thermophysical properties of the DME/W binary
system have only been slightly reviewed;'*'® this fact en-
couraged us to perform some extensive investigations over a
fairly large temperature range (—10<z/°C<80).

Experimental

Materials. 1,2-Dimethoxyethane, containing less than 0.10%
by weight of water, determined by Karl-Fischer titrations, was a

Carlo Erba (Milan) high-purity grade reagent. This solvent was
further purified by double-fractional distillation over LiAlH4 to
eliminate any traces of acids and peroxides, and to reduce the water
content; only the middle fraction (bp 83 °C) was kept for the mea-
surements. The purified solvent was preserved over 3 A molecular
sieves for many days before use. The final purity was checked
by gas chromatography (99.7%), which confirmed the absence of
other significant organic components. The water used to prepare
the mixtures was deionized by a MilliQ-plus apparatus (Millipore),
and had a specific conductance <0.70/uS cm™! at 25 °C.

Apparatus and Procedures. The mixtures were prepared
by weight on a Mettler PM 4800 A-range balance just before use,
operating in a dry box to avoid atmospheric moisture. The prob-
able estimated error in the DME mole fraction (X;) was less than
1.5%107*. The densities were measured with a digital densimeter
(Anton Paar, Model DMA 60) equipped with a density measuring
cell (DMA 602) with a sensitivity of 1x 10_6/g em 3.

The measuring cell was standardized with calibrating fluids of
known density: dried air, redistilled water, and mercury. 1415

The overall experimental standard deviation (o(p)) was approx-
imately equal to £1.5x 10~%g cm™?, while the estimated accuracy
(95% confidence interval) was £3x107%/gcm™>.

The DMA 602 density measuring system was embodied in a
perspex box air-thermostated at the same working temperature as
the measuring cell. The temperature of the measurement equip-
ment was maintained constant within +0.02 °C by means of two
Lauda K2R thermostatic baths in cascade. The thermal control was
checked by a thermoresistance Pt 100 (Tersid, Milan) inserted into
the jacket of the measuring cell, located near to the sample tube,
and the resistance values were measured by a Wayne Kerr 6425
Precision Component Analyzer.

Results and Discussion

For comparison purposes, Table 1 summarizes some p
values taken from the literature for the DME pure species.
As can be seen, there is a fairly good agreement between
the present and previously reported data, the only exception
being the reference value provided by Gmehling et al.'®

Table 2 presents the experimental data of the densities
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Table 1. Reference Density Values (p/g cm™>) for DME at 25 °C

p/gem™3 Technique Ref.
0.86370 Oscillating tube 16
0.8612 Oscillating tube 23
0.8613 Pycnometer 24
0.861506 Oscillating tube This work

(p/g cm™3) for the two pure solvents and 9 binary mixtures
of theirs at 19 temperatures over the range —10 up to 80 °C,
with a thermal scanning of 5 °C. For the sake of brevity, the
letters A,B,---M which appear along with the text represent
the 11 investigated liquid mixtures. Table 2 lacks some p
values at lower temperatures and in the water-rich region,
because phase separation occurs.

A look at the trend of p= p(f) should help the readers to
understand the quite singular behavior of this solvent system
(Fig. 1). It is well known that curve M (pure water) shows a
maximum in the low-temperature region; this fact seems to be
quite unique for this liquid species. On the contrary, we have
observed that all other curves, corresponding to our selected
binary compositions, are monotonously decreasing functions
of the temperature in the investigated range. In order to
represent in analytical form these trends, the dependence of
the p data on the temperature (¢/°C) for each liquid mixture
has been studied by applying the relation.'>

k
P = ad,
0

where a;, are empirical coefficients determined by a multilin-
ear regression package, TSP.'” The g, adjustment parameters
(for 0<k<4) are listed in Table 3, along with the standard
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Fig. 1. Plots of density (p/g cm™>) against #/°C for the DME
(1)/W (2) binary mixtures.

deviation (0(p)/g cm™3) for each mixture. The suitability of
Eq. 1 for predictive calculations in the experimental data gaps

Table 2. Binary Composition and Experimental Densities (p/gcm™>) for the DME (1)+W (2) Solvent System at Various

Temperatures ’
X = 1.0000 0.6024 04029 0.2896 0.2048 0.1458 0.0999 0.0736 0.0411  0.0187  0.0000
Vi/V2%” = 100/0 90/10 80/20 70/30 60/40 50/50 40/60 30/70 20/80 10/90 0/100
t/°C A B C D E F G H I L M”
-10 0.897853 0.934394 0.965744 0.987843 0.998012 1.001776 1.002653 1.002148 1.000783 — —
-5 0.892768 0.929302 0.961103 0.983545 0.994455 0.998846 1.000651 1.000921 1.000436 0.999803 —
0 0.887723 0.924026 0.956238 0.979198 0.990914 0.995949 0.998505 0.999408 0.999712 0.999748 0.999834
5 0.882581 0.918657 0.951130 0.974883 0.987359 0.993049 0.996209 0.997582 0.998588 0.999239 0.999964
10 0.877354 0.913195 0.945866 0.970474 0.983783 0.990047 0.993796 0.995495 0.997137 0.998374 0.999700
15 0.872125 0.907627 0.940442 0.966001 0.980101 0.986914 0.991192 0.993226 0.995448 0.997186 0.999100
20 0.866875 0.902034 0.934907 0.961418 0.976283 0.983701 0.988444 0.990818 0.993573 0.995770 0.998204
25 0.861506 0.896369 0.929310 0.956757 0.972361 0.980381 0.985579 0.988247 0.991479 0.994159 0.997045
30 0.856097 0.890671 0.923671 0.951947 0.968299 0.976863 0.982562 0.985518 0.989267 0.992280 0.995647
35 0.850680 0.884938 0.918012 0.946999 0.964037 0.973227 0.979408 0.982708 0.986915 0.990301 0.994032
40 0.845124 0.879199 0.912327 0.941927 0.959678 0.969457 0.976184 0.979787 0.984432 0.988116 0.992216
45 0.839575 0.873455 0.906646 0.936729 0.955168 0.965553 0.972765 0.976704 0.981805 0.985822 0.990213
50 0.833956 0.867678 0.901014 0.931478 0.950598 0.961569 0.969276 0.973539 0.979057 0.983416 0.988036
55 0.828247 0.861897 0.895335 0.926140 0.945944 0.957428 0.965661 0.970289 0.976170 0.980809 0.985695
60 0.822468 0.856070 0.889638 0.920769 0.941216 0.953281 0.961976 0.966853 0.973059 0.978072 0.983199
65 0.816676 0.850241 0.883900 0.915414 0.936557 0.949064 0.958140 0.963281 0.969800 0.975123 0.980555
70 0.810830 0.844389 0.878135 0.910112 0.931964 0.944812 0.954170-0.959492 0.966313 0.971951 0.977770
75 0.804947 0.838470 0.872248 0.904885 0.927481 0.940649 0.950153 0.955483 0.962502 0.968536 0.974899
80 0.799064 0.832435 0.866260 0.899773 0.923257 0.936618 0.945976 0.951260 0.958407 0.964853 0.971798

a) At20°C. b) Refs. 14 and 15.
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Table 3. Coefficients a; and Standard Deviations o(p)/g cm ™ of Eq. 1 for the DME (1)+W (2) Binary Mixtures

Mixture ao 10° g 10" a2 10° a3 10" a4 10° o(p)
A 0.887691 —102.331 —7.69410 —8.40221 5.97302 22
B 0.924039 —106.350 —24.4751 32.8031 —18.6476 12
C 0.956250 —100.054 —45.9610 70.3651 —40.4193 1.6
D 0.979209 —86.3538 —4.49789  —48.8099 42.8065 1.7
E 0.990914 —70.5480 —221207  —63.9869 56.0385 13
F 0.995967 —58.2099 ~7.64174  —46.8428 39.2534 1.9
G 0.998523 —44.3800 ~31.6647 8.07095 —2.19405 1.8
H 0.999388 —33.7969 —55.4670 58.4372 —37.8971 1.6
I 0.999688 —19.0366 —71.7713 80.8326 —52.5339 1.7
L 0.999734 —6.00873  —84.3309 87.6002 —51.1873 1.6
M 0.999847 5.92545  —79.9825 51.2804 —19.1635 14

989

in the present case is ascertained by an average uncertainty
of Ap==+0.000013 g cm 3, evaluated as
A_P = 1% Z [ Pexptl — pcalcdl, )
N
where N (206) are the values gives in Table 2.

The next step of our investigation was a study of the depen-
dence p=p(X;); therefore the p values are plotted against X5
in Fig. 2. Literature is quite scarce on reliable models about
this question. A critical review of the equations used to pre-
dict the saturated liquid density was given by Spencer and
Adler.'”® Unfortunately, their extensive evaluation of gen-
eralized methods for this purpose is only appliable to pure
compounds, even for in a wide range of experimental condi-
tions. Therefore, in the absence of well-tested interpretative
models for binary mixtures, the experimental values of p for
this solvent system were fitted by a least-squares method
with a polynomial function in the form

i
p(X1) =" bX,, €))
0

whose the b; coefficients are listed in Table 4 along with
the standard deviations (o(p)) at each fitting temperature.
Equation 3 recalculates the initial p data with a mean error
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Fig. 2. Plots of density (p/gcm™>) against X, for the DME

(1)/W (2) binary mixtures.

Table 4. Coefficients b; and Standard Deviations o(p)/g cm™? of Eq. 3 for the DME (1)+W (2) Binary Mixtures at Various

Temperatures
t/°C bo 10% by 10? by 10 b3 10 by 10 bs 10 bg 10* o(p)

—10  0.996572 142561  —114.831 437321  —13.9106 182.818 —86.5692 1.0
-5 0.998634 725420  —71.3936 26.1606  —91.0094 138.595 —68.3911 = 09
0  0.999736 1.28311  —30.0447 8.01678  —49.0428 924949  —49.7132 1.5
5 0999843 ~227839  —14.1509 296843  —40.3033 853138  —47.5089 1.5
10 0.999580 —5.76181 4.43672 —3.89130  —27.3065 73.8705  —43.7623 1.5
15 0.998980 —9.05091 23.2436 —11.2352 —13.0028 61.0895  —39.5391 1.6
20  0.998082  —12.0835 40.7873 —18.3070 1.08111 483016  —35.2583 1.7
25 0996914  —14.8124 55.8132 —24.4171 13.4280 369749  —31.4398 1.8
30 0995503  —17.2102 67.5423 —29.1511 23.1720 27.8942  —28.3422 19
35 0993874  —19.2981 75.9160 —32.4478 30.2169 21.0755  —25.9384 2.1
40 0992048  —21.1086 81.2697 —34.4880 35.0559 159026  —23.9557 2.1
45 0.990040  —22.7077 84.4461 —35.6745 38.5725 114786  —22.0552 2.1
50 0987866  —24.1921 86.8924 —36.7613 42.5328 5.90870 —19.4897 2.1
55  0.985535  —25.6890 90.5597 —38.7356 49.1410 ~3.05299  —15.4125 2.0
60  0.983056  —27.3397 97.7409 —42.7693 61.0020 —18.0351 —8.84339 1.9
65 0980430  —29.3328 111.547 —~50.4760 81.7673 —42.7918 1.64162 1.8
70 0977660  —31.8680 135.327 —63.5772 115.257 —81.1604 17.4662 1.8
75 0974741  -35.1876 173.170 —84.1856 166.196 —137.929 40.4218 1.9
80 0971667  —39.5486 229.482 —114.572 239.618 —218.142 72.3761 2.0




990  Bull. Chem. Soc. Jpn., 70, No. 5 (1997)

of Ap==0.000088 gcm~>. In this table the slanted values,
relative to the lowest temperatures, were obtained by fitting
incomplete data sets; therefore, the by slanted parameters are
not related to the density of pure W species.

Now, Egs. 1 and 3 may be conveniently combined as

- K ‘
p,X)=> 3" cyt'X), €]
00

to provide a single bivariant function which interpolates the
experimental values over the entire investigated temperature
and composition ranges. The recognition ability associated
with this three-dimensional model is ascertained by an av-
erage uncertainty of Ap=20.000093 gcm™>. The empirical
coefficients (cy;) are listed in Table 5. Itis obvious that utmost
care was needed when applying all of the fitting equations,
namely Egs. 1, 3, and 4, for predictive calculations in order to
avoid extrapolated values without physical meaning in tem-

Table 5. Coefficients ¢y and Standard Deviations
a(p)lg cm ™3 of Eq. 4 for the DME (1)+W (2) Binary
System®

k; Variable Cij

00 0.999596

01 X, 1.87247x 1072
02 x? —3.74172%x 107!

03 X3 1.19128

04 xt —5.87128

05 X3 10.3489

06 x$ —5.42534

10 t 9.04293x 1073
11 X, —8.34298x 1073

12 X3 4.26631x 1072
13 X3 —1.54567x 10!

14 X3 3.13018 x 107!
15 X3 —3.09955%x 107!

16 X8 1.16070x 10!
20 £ —9.68326x10~°

21 X, 5.11315x 107>
2 £X3 3.12684 x 10™*
23 £X3 —2.41162x1073

24 £xt 4.61307x 1073
25 £x3 ~3.01726x1073

26 £X% 4.60912x10™*
30 £ 8.20490x 10~®
31 £X; 8.70296 x 10~
32 £x? —2.69476x107°

33 £x3 1.41488x10~*
34 £xt —2.86275%x10*

35 2X; 2.47727x107*
36 £X5 —7.69533%x107°

40 P —3.71887x1071°
41 X —1.26521x1078

42 X3 2.69405x 10~
43 X3 —1.39649%10~¢

44 txt 2.96916x 1075
45 £x3 —2.79877%x10~°

46 *x8 9.69779x 107

a) o(p)=1.2x1074,
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perature (—10<¢/°C<0) and composition (0.0411>X;>0)
domains where separation phases occurred (see Table 2).

Excess Molar Volume. The molar volume
(Vicm® mol~!) of the solutions and related excess property
(VE/cm? mol~!) can be evaluated by converting the density
values using the equation'®

_ XM +XoM, B <X1M1 . XZMZ)
o o1 02

where M; and p; are the molar masses (M;=90.120; M,=
18.015) and densities of pure species at each temperature.
They were smoothed by an equation of the type®®

VE

(5)

VE=XiX ) da(Xo - X0 ©)
0

The coefficients (d, (n=0, 1, 2, 3)) and the standard deviations
(o(VE)/cm® mol~!) are summarized in Table 6. This rela-
tionship recalculates the VE quantities within AVE=40.014
cm’ mol~! over all of the 187 initial data, and taking val-
ues in the 0.000<AVE/cm® mol~!<0.047 range. A more
convenient graphical representation of the above equation is
shown in Fig. 3, where, for clarity the experimental points
have been omitted. As one can see, all of the curves show
a pronounced minimum which seems to be slightly sensitive
to temperature, and that is centered at X,~0.66.

Different effects of different signs may contribute to VE. In
the mixtures investigated here, we can recognize at least three
different important contributions (&8 VE): i) the breaking of
liquid order in mixing (— & V¥); ii) favorable (— & VE) and/or
unfavorable (+§VE) interactions between the substituent and
skeletal groups; iii) geometric effects, such as differences
in the molecular volume and in free volume (—&VE) be-
tween the components in the liquid state (molar volumes are
104.608 and 18.068 cm? at 25 °C for DME and W, respec-
tively).2?

For comparison purposes, Fig. 4 shows the trend of VE

Table 6. Coefficients dn, and Standard Deviations
o(VBYem® mol™! of Egq. 6 for the DME (1)+W (2) Bi-
nary Systems at Various Temperatures

t/°C do d dy ds 10? o(VE)
0 -8704 -—7.117 5702 11.192 2.0
5 —8548 —7230 —6429 11.980 2.1
10 -8364 -7.352 —7.583 13.202 2.1
15 -8.166 —7475 —8969 14.637 22
20 —-7.967 —7.595 -—10431 16.114 2.4
25  =7.777 —7.708 —11.854 17.567 2.5
30 —7.605 -—7.808 —13.137 18.701 2.5
35 7455 7897 —14222 19.646 2.6
40 -7.331 -7976 -—15.082 20315 2.7
45 7234 -8.041 —15.744 20.744 2.7
50 -7.61 —8.099 —16.244 20.986 2.6
55 —7.08 —8.153 —16.680 21.163 2.6
60 —7.066 —8208 —17.188 21.440 2.5
65 —7.024 8273 —17.949 22.036 2.3
70 —6967 -8.357 —19.185 23.217 2.1
75 —6.876 —8471 —21.182 25323 1.9
80 —6.727 —8.631 —24.262 28.740 1.7
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Fig. 4. Trend in the excess molar volume (VE/em® mol™1) at
25 °C of binary systems: (@) ED (1)/W (2); (A) ME (1)/W
(2); () DME (1)/W (2).

vs. X, for three binary systems (ED (1)/W (2), ME (1)/W
(2), and DME (1)/W (2)) at 25 °C. As it appears, the excess
property, VE, is always negative and increases in magnitude
along with an increase in the molecular weight of the organic
species. In particular, the minimum for ED/W binary mix-
tures is centered at X,~0.6, and its intensity is about —0.5
cm® mol~—!. On the other hand, ME/W and DME/W show a
minimum centered at X,~0.66, whose intensities are about
—1 and —2.5 cm® mol !, respectively.

As a concluding remark, we can recognize that changes in
the excess mixing properties, such as the dielectric constant
(eF)? and molar volume (VF), confirm the presence, in these
nonelectrolytic solutions, of a stable complex adduct of the
type IDME-2W, that is thermostable at all of the temperatures

Bull. Chem. Soc. Jpn., 70, No. 5 (1997) 991
investigated over the range 0<r/°C<80.
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