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Densities and Volumetric Properties of Ethylene Glycol + Dimethylsulfoxide
Mixtures at Temperatures of (278.15 to 323.15) K and Pressures of (0.1 to 100)

M Pa

Gennadiy |. Egorov,* Dmitriy M. Makarov, and Arkadiy M. Kolker

Institute of Solution Chemistry of Russian Academy of Sciences, |vanovo, Russia

Densities, p, and compressibility coefficients, k = (v, — v)/vo, Of ethylene glycol (1) + dimethylsulfoxide
(2) mixtures were measured over the whole concentration range at pressures of (0.1 to 100) MPa and
temperatures of (278.15 to 323.15) K. Excess molar volumes, isothermal compressibility, and thermal isobaric
expansivity coefficients as well as thermal pressure coefficients were calculated. It was revealed that
concentration dependences of specific volumes, v, at some state parameters passed a minimum. The shift of
minimum position to molar fraction x, = 0.5 was observed with increasing pressure and decreasing
temperature. The negative excess molar volumes, VE, indicated a compression of EG (1) + DMSO (2)
systems when mixing. Composition dependences of isothermal compressibility, «t, and thermal isobaric
expansivity coefficients, a, as well as thermal pressure coefficients, 5, were near-linear. Both increasing
and decreasing of «r and 3 values were observed with x, increase depending on temperature and pressure
magnitudes within the range of state parameters investigated.

I ntroduction

The solvents such as amphiprotic ethylene glycol (EG) and
aprotic dimethylsulfoxide (DM SO) were chosen because of their
wide use in applied chemistry and participation in biological
processes. Both of these solvents are widely used for cryo-
preservation of living organisms as they are endocellular
cryoprotectors; i.e., they are able to penetrate inside the cell.
Such cryoprotectors prevent ice crystal generation due to H-bond
formation with water molecules.

Ethylene glycol (¢ = 3457, u = 228 D a 293 K, and
freezing temperature of 260.55 K*?) is able to form the water-
like H-bond network. Unlike water, these bonds can be both
inter- and intramolecular thus giving a more homogeneous and
therefore less mobile network.> 7 An intramolecular H-bond
in an EG molecule is weaker than an intermolecular H-bond
because of the small distance between oxygen atoms and
significant tension of such molecule conformation. The forma-
tion of intramolecular H-bonds in EG results in the decrease of
the number of intermolecular H-bonds per one molecule as
compared with water.®>” In contrast to vapor in liquid EG at
normal conditions, afinite fraction of trans-conformers stabilized
by two intermolecular H-bonds isin equilibrium with gauche-con-
formers.68

Dimethylsulfoxide (u« = 4.30 D, ¢ = 48.9 a 293 K, and
freezing temperature of 291.60 K29) is a highly polar solvent
not forming the space H-bonds network and tends toward
self-association.’®~*2 The molecular dynamics (MD) simula-
tions'>* demonstrated that in liquid DM SO the weak H-bonds
C—H:++-O=Sareformed. With a pressure increase,*® in DMSO
the strong bounded molecular aggregates are formed resulting
in more structural order of the liquid. Such molecular aggregate
formation was due to both the intermolecular distances shorten-
ing and larger coincidence of vibrational motions of neighboring
molecules. It was supposed that liquid DMSO structure was

* To whom correspondence may be addressed. E-mail: gie@isc-ras.ru.
10.1021/j€100089s

similar to the solid one.'® Moreover, the DMSO molecule is
able to reveal the solvophobic effectsin systems with a H-bond
network. >’ 9

In EG—DMSO liquid mixtures, the formation of two struc-
tures is possible®® The first one is when the EG gauche-
conformer is stabilized by one, relatively weak, intramolecular
H-bond and one intermolecular hydrogen bond with DM SO.
The second structure is realized when the trans-conformer is
free to form two, stronger, intermolecular hydrogen bonds with
DMSO. This may account for the apparent preference of EG
molecules to assume a trans-conformation in DMSO.%*° MD
simulation in the gas phase®® has shown the formation of
complexes with structure of EG:DMSO = 1:1 stabilized by three
H-bonds including two bonds formed by CHjz groups.

Densities at 298.15 K2 and 308.15 K2 were previously
measured at atmospheric pressure for EG—DM SO systems. The
values of excess molar volumes VE were negative, and V§ =
f(x) function passed the minimum at x, = 0.5. Moreover, the
mixing enthalpies, HE, of the EG—DMSO system were mea-
sured at the same pressure and temperature.® It was shown that
HE, values were negative, and the minimum position cor-
responded to x, = 0.3.

Unfortunately, we have not found any data on EG—DM SO
system studies under high pressure though the influence of the
latter on the individual solvents has been investigated.*>25~ 3t

The present work is a part of our in-process investigation of
volumetric properties of binary systems as a function of
composition, temperature, and pressure.3> 3¢

Experimental Section

Reagents. For the solvent purification, we used procedures
developed on the basis of recommendations given in refs 37
and 38.

Ethylene glycol (99.8 % purity) was purified by vacuum
digtillation (boiling temperature was 349 K), collecting the
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Table 1. Experimental and Literature Data on the Density Values of Pure EG and DM SO at Atmospheric Pressure

T pl(g-cm3)
solvent K experimental literature
ethylene glycol 278.15 1.12377 1.12371;% 1.1222;%¢ 1.124265;*" 1.123664;®
288.15 1.11683 1.11676;% 1.1156;*° 1.117244;*" 1.116906;*® 1.11710;*® 1.11674;%°
298.15 1.10983 1.10980;%2 1.10977;* 1.1086;*® 1.110212;*" 1.109913;*® 1.11006;%°
1.1094;5* 1.10988;52 1.10999;5% 1.1085;>* 1.10950;%° 1.1099 (298.2
K);%6 1.10991;5"
308.15 1.10281 1.10307;%® 1.10272;* 1.1019;*® 1.103164;*" 1.103089;*® 1.10268;*
1.10288;%° 1.10289;°2 1.10294;%® 1.10250;%° 1.10282;%
323.15 1.09212 1.09202;%° 1.092946;*8 1.0923 (323.2 K);*° 1.09105;%®
dimethylsulfoxide 298.15 1.09536 1.09530;%2 1.0960;>° 1.09629;%° 1.09543;5! 1.0956;%2 1.09533;%°
1.09539;%* 1.09637;°” 1.0954;%® 1.09560°°
308.15 1.08536 1.08548;2; 1.08641;%° 1.0856;% 1.08560;° 1.0847;%° 1.08647;%"
1.0870;
323.15 1.07028 1.0698;%¢ 1.07159;%” 1.07075;7° 1.07030;™*

Table 2. Comparison of Literature and Our Experimental Data on Compressibility Coefficients for Individual Solvents

T k?
solvent K experimental literature
ethylene glycol 29815 1679 (50 MPa); 3.115 (100 MPa)  1.692 (50 MPa);? 3.13 (100 MPa);?® 3.135 (101.3 MPa);* 3.03 (98.1
M Pa)Sl

303.15 2.93 (101.3 MPa)*®
318.15 1.810 (50 MPa);*° 3.331 (100 MPa)?°
323.15 1.854 (50 MPa); 3.409 (100 MPa)

dimethylsulfoxide 298.15 2.449 (50 MPa) 2.404 (50 MPa);%®
308.15 2.670 (50 MPa); 4.522 (100 MPa) 2.51 (50 MPa);?® 5.00 (100 MPa);?® 2.65 (50 MPa);?” 5.31 (100 MPa)*’
323.15 2.917 (50 MPa); 4.716 (100 MPa) 2.38 (50 MPa);*® 4.30 (100 MPa);*® 2.63 (50 MPa);?® 5.27(100 MPa);?®

2.75 (50 MPa);?" 5.46 (100 MPa);?’

2 k values from refs 15, 26, and 27 for DM SO were determined by the Tait equation.

medium fraction. This fraction was dried with sodium sulfate
calcinated and after decantation was repeatedly distilled at T ~
349 K.

Dimethylsulfoxide (99.95 % purity) after chilling at 288 K
was dehydrated with NaOH for 24 h and repeatedly doubly
vacuum distilled at 315 K collecting the medium fraction.

The purified and dried solvents were stored in a vacuum with
molecular sieves (4 A). The water mass fraction in the solvents
was determined by the K. Fisher method and did not exceed
0.02 %, which was equal to x(H,0) = 610 °in EG and x(H.0)
= 5-107° in DMSO. The comparison of densities and com-
pressibility coefficients of purified solvents used in the work
with literature datais presented in Tables 1 and 2, accordingly.
A reasonable agreement of our experimental results with
literature data?®2345~"* was found. However, the densities from
ref 46 are lower and the data from ref 60 are higher in all
temperature ranges.

The mixtures under investigation were prepared by the
gravimetric method, with balance error of 4 5-107° g, from
degassed solvents avoiding the contact with atmospheric air.
Uncertainty of mole fraction values was less than 2:1075.

Density Measurements. The densities of pure solvents and
their mixtures at atmospheric pressure (p = 0.101 MPa) were
measured by a vibration densimeter (“Anton Paar” DMA-4500).
Each density measurement was preceded by the densimeter
calibration with dry air and doubly distilled water. For density
determination, only freshly made solutions were used. The
temperature was kept within 0.01 K, and density values
repeatability was of 1-107° g-cm~2 The uncertainty of density
measurements did not exceed 5-10°° g-cm2 Thefilling of the
densimeter with solution under study was realized by self-
flowing without contact with air. Every solution was preheated
above the measurement temperature to prevent bubbling. In total,
the densities of 26 mixtures at temperatures of (278.15, 288.15,
298.15, 308.15, and 323.15) K were measured. The average

values of five density measurements for each solution were
calculated, and results were presented in Table 3.

Compressihility Measurements. Compressibility coefficients
were measured with a device described earlier®>~** using
constant volume piezometers unloaded from external pressure.
A schematic presentation of this device is given in Figure 1.
The empty modified piezometer®>#* was put into the hermetical
loading container which was vacuumized, and the solvent was
sucked in the piezometer thus avoiding the solvent contact with
air. Then this loading vessel with piezometer filled, the empty
high-pressure vessel with mercury, and the vessel with water
were placed in aliquid thermostat. After thermostatting of all
items, the piezometer was quickly pulled from the loading vessel
and placed into the high-pressure vessel, and then water was
added as a hydraulic fluid. Thus, the same temperatures of all
components of the high-pressure vessel were realized preventing
the untimely ingress of mercury in the piezometer. Moreover,
the contact of water in the high-pressure vessel with the solvent
under investigation in the piezometer became impossible because
the piezometer capillary was immersed in the mercury before
water addition. Pressurization of the high-pressure vessel was
realized without removing it from the thermostat to prevent
temperature disturbance. Then pressure was built up with press.
The system was kept under required pressure for 5 min, and
the pressure release was started. The rate of pressure buildup
and release was rather low to ensure the isothermality of the
process. After depressurization of the high-pressure vessel, the
mercury locked in the piezometer was withdrawn and weighted
with an uncertainty of 5-107° g.

The temperature in the thermostat was kept with an accuracy
of 0.01 K. The pressure was produced and measured with a
pressure gauge with a maximum uncertainty of + 0.02 MPa.
At 298.15 K, the piezometer and capillarity volumes were
39.9686 cm® and 0.0019 cm?, accordingly. The repeatability of
k valuesin a set of four measurements was within the limit of
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Table 3. Densities, p, for Ethylene Glycol (1) + Dimethylsulfoxide (2) Mixtures at Atmospheric Pressure and at Different Temperatures

pl(g-cm™)

X2 TIK = 278.15 TIK = 288.15 T/IK = 298.15 T/K = 308.15 T/IK = 323.15
0.00000 1.12377 1.11683 1.10983 1.10281 1.09212
0.00452 1.12378 1.11683 1.10983 1.10278 1.09205
0.00721 1.12381 1.11684 1.10982 1.10276 1.09203
0.01811 1.12389 1.11688 1.10982 1.10273 1.09195
0.03033 1.12398 1.11691 1.10981 1.10269 1.09183
0.04027 1.12405 1.11694 1.10981 1.10263 1.09172
0.07007 1.12418 1.11698 1.10974 1.10245 1.09139
0.10969 112431 1.11695 1.10955 1.10212 1.09085
0.14083 1.12441 1.11693 1.10942 1.10188 1.00044
0.19339 1.12441 1.11674 1.10906 1.10133 1.08961
0.23396 1.12434 1.11655 1.10872 1.10086 1.08896
0.32442 1.12405 1.11595 1.10782 1.09965 1.08733
0.37635 1.12376 1.11549 1.10721 1.09889 1.08633
0.44291 1.12328 1.11480 1.10629 1.09776 1.08493
0.48917 1.12288 1.11425 1.10560 1.09694 1.08392
0.56538 1.12214 1.11329 1.10444 1.09556 1.08223
0.62977 1.12126 1.11227 1.10324 1.09418 1.08061
0.69463 1.12052 1.11132 1.10213 1.09291 1.07907
0.81422 - 1.10913 1.09960 1.09007 1.07574
0.86700 - - 1.09837 1.08868 1.07415
0.92660 - - 1.09709 1.08725 1.07250
0.95768 - - 1.09636 1.08643 1.07155
0.98362 - - 1.09574 1.08576 1.07076
0.99199 - - 1.09554 1.08553 1.07050
0.99681 - - 1.09542 1.08539 1.07035
1.00000 - - 1.09536 1.08536 1.07028

51075, and the maximum total error for k values determination
did not exceed 1-1074.
The compressibility coefficient is defined by

k= (Uo - Z/)/Uo =(p— po)/p 1)

where v,, po @nd v, p are specific volumes and densities at
atmospheric pressure (p, = 0.101 MPa) and pressure p.
The values of k were calculated by the equation

(Vhiez ~ Veap) (1 — Kgiae) = Mpg(1 — Kiig) g
V.

piez

k=1-
@)

where Ve, is the piezometer volume; Vg, is the capillary
volume; myg is the mass of mercury locked in the piezometer;
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Figure 1. Schematic presentation of a device for measurement of compress-
ibility coefficients: 1, oil pump; 2, digitized Bourdon gauge; 3, high-pressure
screw pump; 4, pressure dead weight gauge; 5, liquid separator with Teflon
diaphragm; 6, liquid thermostat; 7, high-pressure vessel; 8, modified Adams
piezometer; 9, mercury; 10, vessel with water; 11, container with piezometer;
12, reference mercury thermometer with graduation scale of 0.01 K; 13,
platinum resistance thermometer; 14, control unit; 15, computer. The
continuous lines represent hydraulic connections, and the dashed lines
represent electrical connections.

pHg is the density of mercury at a temperature of experiment
and atmospheric pressure; and Kgass and kg are the compress-
ibility coefficients of silica glass and mercury at pressure and
temperature under question. The Ve, and Kgass Values were
calculated with state equations for mercury and water®** for
every p,T-parameter of experiment.

The measured compressibility coefficients of ethylene glycol
+ dimethylsulfoxide mixtures are listed in the Table 4.

Results and Discussion

Excess molar volumes, VE, were calculated using experi-
mental data by the equation

VE =V, — (L= x)V) — %,V8 = (1 — xx)My(L/p — Lp,) +
XMy(Lp — 1py)  (3)

where Vy, is amixture molar volume; My, V9, p1 and My, V3, p,

are molar masses, molar volumes, and densities of ethylene

glycol and dimethylsulfoxide, accordingly; p is the mixture

density; and x, is DMSO molar fraction. The uncertainty of

excess molar volumes determination was + 0.02 cm?-mol .
Isothermal compressibility coefficients, «r

_ _1{ov)y _(dlnp
= U(Bp)T,x (ap )Tx )

were calculated from the pressure dependences of mixture
densities over the whole range of compositions and temperatures
studied. Every such dependence was presented as a polynomial
of the second order and differentiated. The results obtained are
presented in the Supporting Information (Table S1).

Thermal isobaric expansivities coefficients, o

= fath= ok O

were calculated from the temperature dependences of mixture
densities over the whole range of compositions and pressures
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Table 4. Compressibility Coefficients, k, for the Ethylene Glycol (1) + Dimethylsulfoxide (2) Mixture at Temperatures of (278.15 to 323.15) K

and Pressure of (0.1 to 100) MPa

k+10? at p/MPa k+10? at p/MPa
X2 TIK 10.0 25.0 50.0 75.0 100.0 X2 TIK 10.0 25.0 50.0 75.0 100.0
0.0000 278.15 0.344 0.832 1.571 2.243 2.892 0.3764 278.15 0.363 0.904 1.746 2.498 3.227
288.15 0.360 0.859 1.623 2.345 3.015 288.15 0.402 0.973 1.840 2.635 3.402
298.15 0.372 0.889 1.679 2.425 3.115 298.15 0.337 0.962 1912 2.828 3.547
308.15 0.383 0.913 1.735 2.528 3.226 308.15 0.342 1.015 2.023 2.960 3.688
323.15 0.399 0.962 1.854 2.711 3.409 323.15 0.452 1.151 2.236 3.195 3.897
0.0181 278.15 0.346 0.835 1.576 2.259 2911 0.4429 278.15 0.363 0.919 1.785 2.538 3.288
288.15 0.359 0.868 1.642 2.352 3.027 288.15 0.412 1.002 1.891 2.692 3.466
298.15 0.375 0.896 1.692 2.444 3.136 298.15 0.346 0.985 1.962 2.906 3.634
308.15 0.388 0.924 1.753 2.551 3.251 308.15 0.346 1.039 2.081 3.042 3.777
323.15 0.402 0.970 1.871 2.732 3.433 323.15 0.465 1.185 2.304 3.277 3.982
0.0403 278.15 0.348 0.840 1.590 2.278 2.933 0.4892 278.15 0.363 0.932 1.815 2.566 3.345
288.15 0.362 0.874 1.651 2.365 3.046 288.15 0.417 1.016 1.921 2.732 3511
298.15 0.377 0.903 1.710 2471 3.152 298.15 0.351 1.005 1.998 2.959 3.688
308.15 0.390 0.930 1.767 2.570 3.267 308.15 0.345 1.053 2121 3.101 3.837
323.15 0.405 0.981 1.894 2.761 3.462 323.15 0.475 1.210 2.353 3.337 4.041
0.0701 278.15 0.350 0.843 1.598 2.303 2.961 0.5654 278.15 0.364 0.954 1.864 2.612 3.430
288.15 0.364 0.879 1.667 2.396 3.075 288.15 0.426 1.042 1971 2.796 3.600
298.15 0.383 0.912 1.728 2.510 3.184 298.15 0.376 1.039 2.060 3.054 3.782
308.15 0.382 0.931 1.784 2.598 3.301 308.15 0.356 1.086 2.188 3.192 3.938
323.15 0.410 0.996 1.926 2.801 3.499 323.15 0.489 1.253 2433 3.437 4.142
0.1097 278.15 0.354 0.849 1.612 2.333 2.996 0.6946 278.15 - - - - -
288.15 0.369 0.889 1.686 2.430 3.120 288.15 0.436 1.075 2.048 2.903 3.755
298.15 0.370 0.922 1.748 2.544 3.226 298.15 0.408 1.104 2.170 3.215 3.958
308.15 0.367 0.937 1.817 2.654 3.343 308.15 0.409 1.156 2.309 3.358 4.107
323.15 0.415 1.016 1.965 2.852 3.550 323.15 0.522 1.329 2.574 3.610 4.314
0.1408 278.15 0.356 0.856 1.625 2.355 3.022 0.8142 278.15 - - - - -
288.15 0.371 0.895 1.703 2.456 3.155 288.15 - - - - -
298.15 0.361 0.919 1.773 2574 3.262 298.15 0.447 1.168 2.281 3.373 4.122
308.15 0.361 0.943 1.834 2.689 3.390 308.15 0.442 1.245 2.430 3.522 4.262
323.15 0.416 1.030 1.995 2.892 3.591 323.15 0.558 1.404 2.708 3.771 4471
0.1934 278.15 0.357 0.862 1.647 2.389 3.066 0.9266 278.15 - - - - -
288.15 0.380 0.912 1.726 2.493 3.213 288.15 - - - - -
298.15 0.342 0.924 1.808 2.627 3.332 298.15 0.499 1.235 2.376 3.516 4.270
308.15 0.358 0.957 1.870 2.741 3.455 308.15 0.525 1.335 2.559 3.685 4.410
323.15 0.424 1.057 2.049 2.960 3.659 323.15 0.589 1.475 2.834 3.921 4.618
0.2340 278.15 0.359 0.871 1.667 2413 3.102 0.9836 278.15 - - - - -
288.15 0.385 0.929 1.756 2519 3.248 288.15 - - - - -
298.15 0.333 0.921 1.820 2.675 3.376 298.15 0.525 1.264 2.429 - -
308.15 0.351 0.969 1.904 2.784 3.508 308.15 0.560 1.374 2.626 3.757 4.484
323.15 0.429 1.076 2.092 3.011 3.712 323.15 0.609 1513 2.898 3.998 4.693
0.3244 278.15 0.362 0.892 1.715 2.467 3.174 1.0000 278.15 - - - - -
288.15 0.399 0.957 1.802 2.590 3.348 288.15 - - - - -
298.15 0.335 0.945 1.872 2.770 3.481 298.15 0.527 1.275 2.449 - -
308.15 0.352 1.000 1.979 2.896 3.619 308.15 0.572 1.389 2.670 3.798 4.522
323.15 0.442 1.124 2.184 3.128 3.830 323.15 0.615 1.526 2.917 4.021 4.716

studied. The same procedure for data treatment as for «r was
applied to the o value calculation. The results obtained are
presented in the Supporting Information (Table S2).

Thermal pressure coefficients S were calculated by the
equation

p=(5), = (%) (6)

where a and k1 are the coefficients at the same state parameters.

The maximum uncertainties of «r, o, and § coefficients
calculated were not in excess of &+ 2:10°° MPa %, &+ 3-10°¢
K™%, and & 0.15 MPa-K ™, accordingly.

Composition dependences of the specific volume of EG—
DMSO mixtures at pressures of (0.101 and 100) MPa and at
different temperatures are shown in Figure 2. Vaues of specific
volumes were calculated from eq 1. At some state parameters,
these dependences have minima, which shift to the lower DM SO
concentration with increasing temperature and to the higher
DMSO concentrations with rising pressure. At atmospheric
pressure, the minima are observed for the concentration de-

pendences at (278.15 and 288.15) K only. With increasing
pressure, the minima appear at higher temperatures aso. We
suppose that it can be connected, on one hand, with different
Vm, @, and «7 values of two structures probably existing in the
EG—DM SO mixture (see in Introduction section). On the other
hand, possibly in the mixture, the complex with conjectural
composition of 1:1 forms, for al that.

As shown in Figure 3, V& = f(x,) functions are negative over
the whole concentration range and have minima at equimolar
ratios of the components. Thus, the EG—DMSO mixture
formation is accompanied by decreasing volume that is con-
nected with breaking of the structures of initial components and
formation of more effective system packing mainly due to
H-bond formation between EG and DM SO. With rising pressure
and decreasing temperature, V5 absolute values decrease like
the weakening of EG—DMSO interactions is taking place.
Seemingly, it could be connected with the fact that temperature
and pressure have a greater influence on association processes
in pure components as compared with intermolecular complex
formation between EG and DM SO.

As can be seen from Figure 44, the isothermal compressibility
coefficients, «r, of EG—DM SO mixtures are steadily increasing
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Figure 3. Excess molar volume VE versus composition x, for the ethylene
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K) at different temperatures; ©, ref 22; a, ref 23.

with DM SO concentration growth at atmospheric pressure and
at al temperatures studied. Pressure build-up from (0.1 to 100)
MPa resulted in the changes of character of «r = f(xp)
dependences at some temperatures (Figures 4b and 5). So at
308.15 K the dependence became extreme, and at 323.15 K «t
values steadily decreased with risng DMSO concentration.
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Therefore, the increasing temperature at high pressure made the
system less elastic.

The thermal isobaric expansivity coefficients, a, are steadily
increasing with DM SO content growth at all temperatures and
pressures studied (Figures 6 and 7).
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Figure 6. Thermal isobaric expansivity coefficients a versus composition
X, for the ethylene glycol (1) + dimethylsulfoxide (2) mixture at pressures
of 0.101 MPa (a) and 100 MPa (b) at different temperatures: W, 278.15 K
v, 288.15K; @, 298.15K; A, 308.15 K; 4, 323.15 K.
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Figure 7. Thermal isobaric expansivity coefficients a. versus composition

Xz for the ethylene glycol (1) + dimethylsulfoxide (2) mixture at 323.15 K

and at different pressures: W, 0.101 MPa; v, 25 MPg; v, 50 MPa; a, 75

MPa; 4, 100 MPa.

The pressure coefficients, § = (9p/oT)y, are sensitive to
intermolecular interactions in a liquid, and any displacement
of associative equilibria will bring free space changes. At
atmospheric pressure, the (ap/daT)y = f(x,) function is positive
at 278.15 K, but it becomes negative at 323.15 K (Figure 8a).

Figure 8. Thermal pressure coefficients 5 versus composition x, for the
ethylene glycol (1) + dimethylsulfoxide (2) mixture at pressures of 0.101
MPa (a) and 100 MPa (b) at different temperatures: W, 278.15K; v, 288.15
K; @, 29815 K; a, 308.15 K; 4, 323.15 K.

That means the strengthening of associative interactions or
favorable conditions for more packaged system formation arises
with increasing temperature. However, at 100 MPa and 323.15
K, p vaues increase with growth of DMSO concentration
(Figure 8b). The same tendency is kept for lower temperatures
but in the concentration range enriched with DM SO. It is clear
from Figure 9 that at 323.15 K 3 increasing with DM SO content
growth is observed at pressures higher than ~65 MPa. The
pressure variation from (0.1 to 100) MPa causes 3 to increase
for pure EG at about 0.2 MPa-K 1, whereas for x, = 0.92 (the
thermal pressure coefficient at 100 MPa is not possible to
calculate for higher DM SO concentrations because of the system
freezing), A ~ 0.6 MPa-K ™! at 298.15 K and ~1.5 MPa-K !
at 323.15 K. Conseguently, in the EG—DMSO system at low
pressure values, the temperature promotes associ ation processes,
and the opposite temperature influence is observed at high
pressure.

Conclusions

The volumetric propertiesindicate that in the associated liquid
EG—DM SO mixture the complex changes happen due to either
existence of two structures with different dependences of
structural properties on pressure and temperature or equimolar
complex formation.

The formation of the EG—DMSO mixture is attended by
compression. The decrease of the absolute VE, values with
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Figure 9. Thermal pressure coefficients 5 versus composition x, for the
ethylene glycol (1) + dimethylsulfoxide (2) mixture at 323.15 K and at
different pressures: H, 0.101 MPa; a, 25 MPa; ®, 50 MPa; A, 75 MPa; ¢,
100 MPa.

decreasing pressure growth and temperature is related with
molecule mobility reduction. The temperature and pressure
influence on associative equilibria in pure EG and DMSO is
probably stronger then on the complex formation between EG
and DM SO.

The concentration dependencies of «t, o, and 3 coefficients
have monotone character for most state parameters. The
association processes in the EG—DMSO mixture strongly
depend on temperature and pressure. At low pressures, the
increasing temperature contributes to association processes, but
at high pressures it does not.

Supporting Information Available:

The calculated coefficients of isotherma compressibility and
coefficients of thermal isobaric expansivities of the ethylene glycol
(1) + dimethylsulfoxide (2) mixture at temperatures of (278.15 to
323.15) K and pressures of (0.1 to 100) MPa are given Tables S1
and S2, respectively. This material is available free of charge via
the Internet at http://pubs.acs.org.

Literature Cited

(1) Handbook of Chemistry and Physics, 82nd ed.; David, R. L., Ed,;
CRC Press: New York, 2001.

(2) Rabinovich, V. A.; Havin, Z. Ya. Short Chemical Handbook, 3rd ed.;
Potekhin, A. A., Efimov, A. I., Ed.; Press. Moscow, 1991.

(3) Chumaevskii, N. A.; Rodnikova, M. N.; Barthel, J. Some peculiarities
of compounds with spatial H-bond network: H,O, H,0,,
HOCH,CH,0H. J. Mol. Lig. 2004, 115 (2—3), 63-67.

(4) Kharitonov, lu. J.; Khokhlova, E. G.; Rodnikova, M. N.; Dudnikova,
K. T.; Razumova, A. B. H-bonds in the aminoalcohols and diols
vaporous state and in solutions. Dokl. Acad. Sci. USSR 1989, 304,
917-920.

(5) Bako, I.; Grosz, T.; Palinkas, G.; Bellisent-Funel, M. C. Ethylene glycol
dimers in the liquid phase: a study by x-ray and neutron diffraction.
J. Chem. Phys. 2003, 118, 3215-3221.

(6) Gubskaya, A.V.; Kusdlik, P. G. Molecular Dynamics Simulation Study
of Ethylene Glycol, Ethylenediamine, and 2-Aminoethanol. 1. The
Local Structure in Pure Liquids. J. Phys. Chem. A 2004, 108, 7151—
7164.

(7) Matsugami, M.; Takamuku, T.; Otomo, T.; Yamaguchi, T. Thermal
Properties and Mixing State of Ethylene Glycol-Water Binary Solutions
by Calorimetry, Large-Angle X-ray Scattering, and Small-Angle
Neutron Scattering. J. Phys. Chem. B 2006, 110, 12372-12379.

(8) Gubskaya, A.V.; Kusdik, P. G. Molecular Dynamics Simulation Study
of Ethylene Glycoal, Ethylenediamine, and 2-Aminoethanal. 2. Structure
in Aqueous Solutions. J. Phys. Chem. A 2004, 108, 7165-7178.

(9) Schiéfer, H. L.; Schaffernicht, W. Dimethylsulfoxyd als |6sungsmittel
fur anorganische verbindungen. Angew. Chem. 1960, 72, 618-626.

Journal of Chemical & Engineering Data, Vol. 55, No. 9, 2010 3487

(10) Martin, D.; Weis, A.; Niclas, H. J. The solvent dimethyl sulfoxide. J.
Angew. Chem., Int. Engl. Ed. 1967, 6, 318-334.

(11) Amey, R. L. The Extent of Association in Liquid Dimethyl Sulfoxide.
J. Phys. Chem. 1968, 72, 3358-3359.

(12) Clevern, H. L.; Wertum, E. E. Dimethyl Sulfoxide and Dimethyl
Sulfone. Heat Capacities, Enthalpies of Fusion, and Thermodynamic
Properties. J. Phys. Chem. 1970, 74, 1309-1317.

(13) Rao, B. G.; Singh, U. C. A Free Energy Perturbation Study of Solvation
in Methanol and Dimethyl Sulfoxide. J. Am. Chem. Soc. 1990, 112,
3803-3811.

(24) Vaisman, I.1.; Berkowitz, M. L. Loca Structura Order and Molecular
Associations in Water-DM SO Mixtures. Molecular Dynamics Study.
J. Am. Chem. Soc. 1992, 114, 7889-7896.

(15) Czedlik, C.; Jonas, J. Effect of Pressure on Loca Order in Liquid
Dimethyl Sulfoxide. J. Phys. Chem. A 1999, 103, 3222-3227.

(16) Itoh, S.; Ohtaki, H. A Study of the Liquid Structure of Dimethyl
Sulfoxide by the X-Ray Diffraction. Z. Naturforsch. 1987, 42a, 858—
862.

(17) Kauzmann, W. In Advances in Protein Chemistry; Anfinsen, C. B.,
Jr., Anson, M. L., Bailey, K., Edsdl, J. T., Eds.; Academic Press:
New York, 1959; p 14.

(18) Ben-Naim, A. Hydrophobic Interactions; Plenum Press: New Y ork,
1980.

(19) Kesdler, Yu. M.; Zaitsev, A. L. Solvophobic Effects: Theory, Experi-
ment, and Practice; Khimiya: Leningrad, 1989.

(20) Schwartz, M. Raman study of the conformational equilibrium of
ethylene glycol in dimethyl sulfoxide. Spectrochim. Acta 1977, 33A,
1025-1032.

(21) Vergenz, R. A.; Yazji, |.; Whittington, C.; Daw, J.; Tran, K. T.
Computational evidence for methyl-donated hydrogen bonds and
hydrogen-bond networking in 1,2-ethanediol-dimethyl sulfoxide. J. Am.
Chem. Soc. 2003, 125, 12318-12327.

(22) Tsierkezos, N. G.; Palaiologou, M. M. Ultrasonic studies of liquid
mixtures of either water or dimethylsulfoxide with ethylene glycol,
diethylene glycol, triethylene glycal, tetraethylene glycol, 1,2-propylene
glycol and 1,4-butylene glycol at 298.15K. Phys. Chem. Lig. 2009,
47, 447-459.

(23) Naidu, B. V. K.; Rao, K. Ch.; Subha, M. C. S. Densities and Viscosities
of Mixtures of Some Glycols and Polyglycols in Dimethyl Sulfoxide
at 308.15 K. J. Chem. Eng. Data 2002, 47, 379-382.

(24) Comédlli, F.; Ottani, S.; Francesconi, R.; Castellari, C. Excess Molar
Enthalpies of Binary Mixtures Containing Glycols or Polyglycols +
Dimethyl Sulfoxide at 308.15 K. J. Chem. Eng. Data 2003, 48, 995—
998.

(25) Hamann, S. D.; Smith, F. The effect of pressure on the volumes and
excess volumes of agueous solutions of organic liquid. Aust. J. Chem.
1971, 24, 2431-2438.

(26) Petitet, J. P.; Bezot, P.; Hosse-Bezot, C. Thermodynamic properties
of (0.32DM SO-H20) mixture and pure DM SO under pressure. Phys.
B 1988, 153, 181-190.

(27) Fuchs, A. H.; Ghelfenstein, M.; Szwarc, H. Melting curve and pressure-
volume-temperature data of liquid dimethyl sulfoxide up to 150 M Pa.
J. Chem. Eng. Data 1980, 25, 206-208.

(28) Rodnikova, M. N.; Chumaevskii, N. A.; Troitskii, V. M.; Kayumova,
D. B. Structure of Liquid Ethylene Glycol. Russ. J. Phys. Chem. A
2006, 80, 826-830.

(29) Gibson, R. E.; Loeffler, O. H. Pressure-volume-temperature relations
in solutions. V. The energy-volume coefficients of carbon tetrachloride,
water end ethylene glycol. J. Am. Chem. Soc. 1941, 63, 898-906.

(30) Nakagawa, M.; Miyamoto, Y .; Moriyoshi, T. Compressions of agueous
binary mixtures containing alcohols and cyclic ethers at 298.15 K and
101.3 MPa. J. Chem. Thermodyn. 1983, 15, 15-21.

(31) Bridgmen, P. W. Volum Temperature-Pressure Relations for Several
Non-Volatile Liquids. Proc. Am. Acad. Arts Sci. 1932, 67, 1.

(32) Egorov, G. |.; Gruznov, E. L.; Kolker, A. M. p-Vm-T-x properties of
water-acetone mixtures over the temperature range 298—323 K and
pressures from 1 to 1000 bar: Excess thermodynamic quantities. Russ.
J. Phys. Chem. A 1996, 70, 724-730.

(33) Egorov, G. I.; Syrbu, A. A.; Kolker, A. M. The p-Vm-x-properties of
water-acetamide mixtures at 298.15 K over the pressure range of 1—
1000 bar. Russ. J. Phys. Chem. A 1999, 73, 1949-1951.

(34) Egorov, G. I.; Kolker, A. M. Effect of pressure and temperature on
volume properties of water-N, N-dimethylformamide mixtures. J. Mol.
Lig. 2003, 106/2—3, 239-248.

(35) Egorov, G. |.; Makarov, D. M. Compressibility Coefficients of Water-
2-Propanol Mixtures over the Temperature and Pressure Ranges 278—
323.15 K and 1—1000 bar. Russ. J. Phys. Chem. A 2008, 82, 1037—
1041.

(36) Egorov, G. |.; Makarov, D. M. The Compressibility of Water-Dimethyl
Sulfoxide Mixtures over the Temperature and Pressure Ranges 278—
323.15 K and 1—1000 bar. Russ. J. Phys. Chem. A 2009, 83, 2058—
2065.



3488 Journal of Chemical & Engineering Data, Vol. 55, No. 9, 2010

(37) Gordon, A. J; Ford, R. A. The Chemist’s Companion: A Handbook
of Practical Data, Techniques, and References; Mir: Moscow, 1976.

(38) Weissherger, F.; Proskauer, E. S.; Riddik, J. A.; Toops, E. E. Organic
solvents. Physical properties and methods of purification; Interscience:
New York, 1955.

(39) Egorov, G. I.; Gruznov, E. L.; Kolker, A. M.; Krestov, G. A.
Development of Technology for Industrial Synthetic Superhard Materi-
als and Design of Equipment; MSU: Minsk, 1990; 61—66.

(40) Gruznov, E. L.; Kolker, A. M.; Gruznov, L. P.; Egorov, G. |. USSR
Inventor's Certificate No. 1636724. Byull. Izobret. 1991, 11, 123.

(41) Adams, L. H. Equilibrum in binary systems under pressure. I. An
experimental and thermodymic investigation of the system NaCl-H,O
at 25C. J. Am. Chem. Soc. 1931, 53, 3769-3813.

(42) Grindley, T.; Lind, J. E. PVT Properties of Water and Mercury.
J. Chem. Phys. 1971, 54, 3983-39809.

(43) Kell, G. S,; Whaley, E. Reanalysis of the density of liquid water in
the range 0—150 °C and 0—1 kbar. J. Chem. Phys. 1975, 62, 3496—
3503.

(44) Chen, Ch. T.; Fine, R. A.; Millero, F. J. The equation of state of pure
water determined from sound speeds. J. Chem. Phys. 1977, 66, 2142—
2144,

(45) Afzal, W.; Mohammadi, A. H.; Richon, D. Volumetric Properties of
Mono-, Di-, Tri-, and Polyethylene Glycol Aqueous Solutions from
(273.15 to 363.15) K: Experimental Measurements and Correlations.
J. Chem. Eng. Data 2009, 54, 1254-1261.

(46) Geyer, H.; Ulbig, P.; Gornert, M. Measurement of densities and excess
molar volumes for (1,2-ethanediol, or 1,2-propanediol, or 1,2-
butanediol C water) at the temperatures (278.15, 288.15, 298.15,
308.15, and 318.15) K and for (2,3-butanediol C water) at the
temperatures (308.15, 313.15, and 318.15). J. Chem. Thermodyn. 2000,
32, 1585-1596.

(47) Sakurai, M. Partial Molar Volumes of Ethylene Glycol and Water in
Their Mixtures. J. Chem. Eng. Data 1991, 36, 424-427.

(48) Cocchi, M.; Manfredini, M.; Marchetti, A.; Sighinolfi, S.; Tassl, L.;
Ulrici, A.; Vignali, M. The Ethane-1,2-diol + 2-Methoxyethanol +
1,2-Dimethoxyethant Ternary Solvent System: Density and Volume
Properites at Different Temperatures. Phys. Chem. Liqg. 2001, 39, 481—
498.

(49) Riddick, J. A.; Bunger, W. B.; Sakano, T. K. Organic Solvent Physical
Properties and Methods of Purification, 4th ed.; Wiley: New York,
1986.

(50) Afanas’ev, V. N.; Kayumova, D. B.; Chekunova, M. D.; Rodnikova,
M. N. Volumetric Properties of Ethylene Glycol Solutions of Tet-
ramethylurea. Russ. J. Phys. Chem. A 2005, 79, 993-994.

(51) Ray, A.; Nemethy, G. Densities and Partial Mola Volumes of Water
- Ethylene Glycol Mixtures. J. Chem. Eng. Data 1973, 18, 309-311.

(52) Zorebski, E.; Waligora, A. Densities, Excess Molar Volumes, and
Isobaric Thermal Expansibilities for 1,2-Ethanediol + 1-Butanol, or
1-Hexanol, or 1-Octanol in the Temperature Range from (293.15 to
313.15) K. J. Chem. Eng. Data 2008, 53, 591-595.

(53) Muller, E. A.; Rasmussen, P. Densities and Excess Volumes in
Aqueous Poly(ethylene glycol) Solutions. J. Chem. Eng. Data 1991,
36, 214-217.

(54) Yang, C; Ma, P, Jing, F.; Tang, D. Excess Molar Volumes,
Viscosities, and Heat Capacities for the Mixtures of Ethylene Glycol
+ Water from 273.15 to 353.15 K. J. Chem. Eng. Data 2003, 48,
836-840.

(55) Tsierkezos, N. G.; Molinou, |. E. Thermodynamic Properties of Water
+ Ethylene Glycol at 283.15, 293.15, 303.15, and 313.15 K. J. Chem.
Eng. Data 1998, 43, 989-993.

(56) Wong, C. F.; Hayduk, W. Molecular Diffusivities for Propene in
1-Butanol, Chlorobenzene, Ethylene Glycol, and n-Octane at Elevated
Pressures. J. Chem. Eng. Data 1990, 35, 323-328.

(57) Cocchi, M.; Marchetti, A.; Pigani, L.; Sanna, G.; Tass, L.; Ulrici,
A.; Vaccari, G.; Zanardi, C. Density and volumetric properties of
ethane-1,2,-diol + di-ethylen-glycol mixtures at different temperatures.
Fluid Phase Equilib. 2000, 172, 93-104.

(58) Azizian, S.; Bashavard, N. Surface Properties of Diluted Solutions of
Cyclohexanol and Cyclopentanol in Ethylene Glycol. J. Colloid
Interface Sci. 2005, 282, 428.

(59) Aminabhavi, T. M.; Gopalakrishna, B. Density, Viscosity, Refractive
Index, and Speed of Sound in Aqueous Mixtures of N, N-Dimethyl-
formamide, Dimethyl Sulfoxide, N, N-Dimethylacetamide, Acetoni-
trile, Ethylene Glycol, Diethylene Glycol, 1,4-Dioxane, Tetrahydro-
furan, 2-Methoxyethanol, and 2-Ethoxyethanol at 298.15 K. J. Chem.
Eng. Data 1995, 40, 856-861.

(60) Grande, M. C.; Julia, J. A.; Garcia, M.; Marschoff, C. M. On the
density and viscosity of (water + dimethylsulphoxide) binary mixtures.
J. Chem. Thermodyn. 2007, 39, 1049-1056.

(61) Sacco, A.; Matteoli, E. Isotopic Substitution Effects on the Volumetric
and Viscosimetric Properties of Water-Dimethylsulfoxide Mixtures
at 25C. J. Solution Chem. 1997, 26, 527-535.

(62) Aznaroz, S. B.; Mussari, L.; Postigo, M. A. Temperature Dependence
of Molar Excess Volumes for the Dimethyl Sulfoxide + Thiophene
System and Therma Expansion Coefficients between 293.15 and
313.15 K. J. Chem. Eng. Data 1993, 38, 270-273.

(63) Krakowiak, J.; Bohicz, D.; Grzybkowski, W. Partial molar volumes
of tetrabutylammonium perchlorate and tetraphenylborate in N,N-
dimethylacetamide, triethylphosphate, acetonitrile and dimethyl sul-
phoxide. J. Mol. Lig. 2000, 88, 197-207.

(64) Bobhicz, D.; Grzybkowski, W. Apparent Molar VVolumes of Divalent
Transition Metal Cationsin Dimethyl Sulfoxide Solutions. J. Solution
Chem. 1998, 27, 817-826.

(65) Chauhan, M. S.; Sharma, K. C.; Gupta, S.; Sharma, M.; Chauhan, S.
Ultrasonic Velocity, viscosity and density studies of binary solvent
systems at different temperatures, Part | DM SO-MeOH, DMF-MeOH
and DMSO-DMF. Acoust. Lett. 1995, 18, 233-240.

(66) Saleh, M. A.; Akhar, S.; Ahmed, M. S; Uddin, M. H. Excess molar
volumes and thermal expansivities of aqueous solutions of dimeth-
ylsulfoxide, tetrahydrofuran and 1,4-dioxane. Phys. Chem. Lig. 2002,
40, 621-635.

(67) Markarian, S. A.; Asatryan, A. M.; Zatikyan, A. L. Volumetric
properties of aqueous solutions of diethylsulfoxide at temperatures
from 298.15 to 343.15 K. J. Chem. Thermodyn. 2005, 37, 768-777.

(68) Ritzoulis, G. Excess properties of the binary liquid systems dimeth-
ylsulfoxide + isopropanol and propylene carbonate + isopropanal.
Can. J. Chem. 1989, 67, 1105-1108.

(69) Pruett, D. J.; Felker, L. K. Densities and Apparent Molar Volumesin
the Binary System Dimethyl Sulfoxide-Water at 25, 40, 60, and 65°
C. J. Chem. Eng. Data 1985, 30, 452—455.

(70) Yang, C.; He, G.; He, Y.; Ma, P. Densities and Viscosities of N,
N-Dimethylformamide + N-Methyl-2-pyrrolidinone and + Dimethyl
Sulfoxide in the Temperature Range (303.15 to 353.15) K. J. Chem.
Eng. Data 2008, 53, 1639-1642.

(71) Zarei, H. A.; Lavasani, M. Z.; lloukhani, H. Densities and \VVolumetric
Properties of Binary and Ternary Liquid Mixtures of Water (1) +
Acetonitrile (2) + Dimethyl Sulfoxide (3) at Temperatures from
(293.15 to 333.15) K and at Ambient Pressure (81.5 kPa). J. Chem.
Eng. Data 2008, 53, 578-585.

Received for review February 18, 2010. Accepted July 27, 2010. This
work was financialy supported by the Russian Foundation for Basic
Research (project 09-03-97501-p_center_a).

JE100089S



