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Experimental results are reported for densities, F, and refractive indices, nD, of {(x)CH3(OCH2CH2)ν-
OCH3 + (1 - x)C2H5OH} for ν ) 1-4 at T ) (288.15, 298.15, 308.15, and 318.15) K and atmospheric
pressure over the entire mole fraction range. Densities were measured with a vibrating-tube densimeter,
and excess volumes molar volumes, VE, for the mixtures were derived. Refractive indices were measured
using a digital refractometer, and deviations as a function of mole fraction, ∆nD, were calculated from
the experimental data. The excess molar volumes are negative in every case and become more negative
as the ν of the glycol increases. The deviations in refractive indices are generally positive and increase
as the ν of the glycol increases. Excess molar volumes increase as the temperature increases, while
deviations in refractive indices decrease as the temperature increases. The temperature has no significant
effect on VE of the glycols with ν ) 3 and 4 in ethanol. Values of excess volumes and deviations in refractive
indices as a function of composition were fitted to the Redlich-Kister equation.

Introduction

Polyalkylene glycol ethers are interesting compounds
with multiple etheric oxygen (-O-) groups in their mol-
ecules. Many of them have been used as sonar transducer
fill fluids in underwater Navy research.1 On the other hand,
ethanol is a widely used solvent with protic and self-
associated properties. Upon mixing together, these mix-
tures might generate interesting properties due to specific
interactions, hydrogen bond effects, and so forth. For these
reason, we measure densities and refractive indices for the
four binary systems formed by ethylene glycol dimethyl
ether (CH3OCH2CH2OCH3), diethylene glycol dimethyl
ether {CH3(OCH2CH2)2OCH3}, triethylene glycol dimethyl
ether {CH3(OCH2CH2)3OCH3}, and tetraethylene glycol
dimethyl ether {CH3(OCH2CH2)4OCH3} with ethanol at the
temperatures 288.15 K, 298.15 K, 308.15 K, and 318.15 K
and atmospheric pressure over the entire composition
range.

This study might be useful for the understanding of the
thermodynamic behavior of liquid mixtures under the
influence of the changes of the -OCH2CH2- unit for
species with a common alkyl chain and their sensitivities
to variations in composition and temperature under atmos-
pheric pressure. The experimental results of this study
have been used to calculate mixing properties such as
excess molar volume, VE, and deviations in refractive index,
∆nD. The literature dealing with the thermodynamic stud-
ies on the mixtures containing polyethylene glycol ethers
and alcohols is relatively limited.2,3 Several previous results
were shown for the mixtures with water at T ) 298.15 K.4-7

As far as we know, no literature data are available for the
mixtures with ethanol.

Experimental Section

Materials. The chemicals used were of analytical grade
and obtained from Aldrich, Tedia, and SHOWA. The gas
chromatographic analysis of pure components showed that

the major peak area exceeded 99.9% for ethanol and eth-
ylene glycol dimethyl ether, 99.6% for di- and tetraethylene
glycol dimethyl ether, and 99.3% for triethylene glycol di-
methyl ether. All chemicals were used without further puri-
fication. The purity of the final sample was also checked
by measuring the densities and refractive indices at the
temperature 298.15 K, which agreed reasonably well with
the corresponding literature values, as shown in Table 1.

Procedure. Liquids were dried over activated molecular
sieves type 0.4 nm from Aldrich. All dried liquids were
boiled to remove dissolved air. Samples were prepared by
mass in a 50-cm3 Erlenmeyer flask provided with a joint
stopper, using a Precisa 262SMA balance with an accuracy
of (3 × 10-5 g. The uncertainty of the mole fraction in
composition was believed to be less than (1 × 10-4.
Densities were measured with an Anton Paar DMA-58* Corresponding author. E-mail: chtu@pu.edu.tw.

Table 1. Comparison of Measured Densities and
Refractive Indices of Pure Components with Literature
Values at 298.15 K

F/g‚cm-3 nD

compound
this

study lit.
this

study lit.

ethanol 0.785 18 0.784 93a 1.359 10 1.359 41a

0.785 2b

0.785 04c 1.359 2c

ethylene glycol 0.861 48 0.862 1a 1.377 23 1.377 30d

dimethyl ether 0.860 5d

0.861 32e

diethylene glycol 0.938 65 0.938 41a 1.405 77 1.405 8a

dimethyl ether 0.938 73f

0.939 24g

triethylene glycol 0.980 13 0.981 17g 1.420 87 1.420 9i

dimethyl ether 0.979 5h

0.980 01i

tetraethylene glycol 1.006 57 1.006 27g 1.430 32 1.433 2j

dimethyl ether 1.006 62h

1.004 7j

a Reference 8. b Reference 9. c Reference 10. d Reference 4. e Ref-
erence 11. f Reference 12. g Reference 7. h Reference 5. i Reference
13. j Reference 6.
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Table 3. Experimental Densities, G, and Refractive Indices, nD, for Binary Mixtures at 298.15 K

x F/g‚cm-3 nD x F/g‚cm-3 nD x F/g‚cm-3 nD

(x)Ethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7852 1.3591 0.1500 0.8050 1.3639 0.6000 0.8427 1.3729
0.0045 0.7860 1.3592 0.2000 0.8106 1.3652 0.6499 0.8455 1.3736
0.0086 0.7866 1.3593 0.2500 0.8157 1.3664 0.7000 0.8482 1.3742
0.0125 0.7871 1.3594 0.3000 0.8205 1.3676 0.7499 0.8507 1.3748
0.0165 0.7877 1.3596 0.3500 0.8249 1.3686 0.7999 0.8531 1.3754
0.0205 0.7883 1.3597 0.4000 0.8290 1.3696 0.8500 0.8554 1.3759
0.0305 0.7898 1.3601 0.4500 0.8328 1.3705 0.9000 0.8575 1.3764
0.0500 0.7925 1.3608 0.5000 0.8363 1.3714 0.9499 0.8595 1.3768
0.1000 0.7990 1.3624 0.5500 0.8396 1.3722 1.0000 0.8615 1.3772

(x)Diethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7852 1.3591 0.1500 0.8336 1.3739 0.5999 0.9077 1.3965
0.0045 0.7870 1.3596 0.2000 0.8458 1.3776 0.6500 0.9126 1.3980
0.0085 0.7886 1.3601 0.2500 0.8566 1.3810 0.6999 0.9172 1.3993
0.0125 0.7901 1.3605 0.3000 0.8663 1.3839 0.7499 0.9214 1.4006
0.0165 0.7917 1.3610 0.3500 0.8750 1.3866 0.7999 0.9254 1.4018
0.0205 0.7932 1.3615 0.4000 0.8829 1.3889 0.8499 0.9290 1.4029
0.0305 0.7969 1.3626 0.4500 0.8899 1.3911 0.8998 0.9324 1.4039
0.0500 0.8038 1.3647 0.4999 0.8964 1.3931 0.9498 0.9357 1.4049
0.1000 0.8197 1.3696 0.5500 0.9023 1.3948 1.0000 0.9387 1.4058

(x)Triethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7852 1.3591 0.1500 0.8573 1.3823 0.6000 0.9477 1.4108
0.0045 0.7882 1.3600 0.2000 0.8736 1.3875 0.6500 0.9531 1.4125
0.0085 0.7907 1.3608 0.2500 0.8877 1.3919 0.7000 0.9580 1.4140
0.0125 0.7932 1.3616 0.3000 0.9000 1.3958 0.7500 0.9624 1.4154
0.0165 0.7956 1.3624 0.3500 0.9105 1.3991 0.7999 0.9665 1.4167
0.0205 0.7980 1.3632 0.4000 0.9198 1.4020 0.8499 0.9703 1.4179
0.0305 0.8037 1.3650 0.4499 0.9280 1.4046 0.8998 0.9738 1.4189
0.0500 0.8142 1.3684 0.5000 0.9353 1.4069 0.9498 0.9771 1.4199
0.1000 0.8377 1.3760 0.5500 0.9419 1.4090 1.0000 0.9801 1.4209

Table 2. Experimental Densities, G/g‚cm-3, and Refractive Indices, nD, for Binary Mixtures at 288.15 K

x F/g‚cm-3 nD x F/g‚cm-3 nD x F/g‚cm-3 nD

(x)Ethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7936 1.3632 0.1500 0.8142 1.3681 0.6000 0.8530 1.3776
0.0045 0.7945 1.3633 0.2000 0.8199 1.3695 0.6499 0.8560 1.3783
0.0086 0.7952 1.3634 0.2500 0.8252 1.3709 0.7000 0.8587 1.3790
0.0125 0.7958 1.3635 0.3000 0.8301 1.3721 0.7499 0.8613 1.3796
0.0165 0.7964 1.3636 0.3500 0.8346 1.3732 0.7999 0.8637 1.3802
0.0205 0.7970 1.3638 0.4000 0.8388 1.3742 0.8500 0.8661 1.3808
0.0305 0.7985 1.3642 0.4500 0.8427 1.3751 0.9000 0.8683 1.3813
0.0500 0.8013 1.3649 0.5000 0.8464 1.3760 0.9499 0.8704 1.3818
0.1000 0.8079 1.3666 0.5500 0.8498 1.3768 1.0000 0.8724 1.3824

(x)Diethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7936 1.3632 0.1500 0.8426 1.3780 0.5999 0.9174 1.4007
0.0045 0.7956 1.3636 0.2000 0.8550 1.3817 0.6500 0.9225 1.4022
0.0085 0.7971 1.3641 0.2500 0.8659 1.3851 0.6999 0.9271 1.4036
0.0125 0.7987 1.3645 0.3000 0.8757 1.3881 0.7499 0.9313 1.4049
0.0165 0.8003 1.3650 0.3500 0.8845 1.3907 0.7999 0.9353 1.4060
0.0205 0.8018 1.3655 0.4000 0.8924 1.3931 0.8499 0.9390 1.4072
0.0305 0.8055 1.3666 0.4500 0.8996 1.3953 0.8998 0.9424 1.4082
0.0500 0.8126 1.3687 0.4999 0.9060 1.3973 0.9498 0.9457 1.4092
0.1000 0.8287 1.3737 0.5500 0.9120 1.3990 1.0000 0.9486 1.4101

(x)Triethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7936 1.3632 0.1500 0.8664 1.3862 0.6000 0.9573 1.4149
0.0045 0.7967 1.3641 0.2000 0.8829 1.3915 0.6500 0.9627 1.4166
0.0085 0.7993 1.3648 0.2500 0.8969 1.3960 0.7000 0.9675 1.4181
0.0125 0.8017 1.3656 0.3000 0.9092 1.3998 0.7500 0.9720 1.4195
0.0165 0.8042 1.3664 0.3500 0.9198 1.4032 0.7999 0.9761 1.4208
0.0205 0.8066 1.3672 0.4000 0.9292 1.4061 0.8499 0.9799 1.4220
0.0305 0.8124 1.3691 0.4499 0.9374 1.4087 0.8998 0.9834 1.4231
0.0500 0.8230 1.3724 0.5000 0.9448 1.4110 0.9498 0.9867 1.4241
0.1000 0.8467 1.3799 0.5500 0.9514 1.4131 1.0000 0.9897 1.4250

(x)Tetraethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7936 1.3632 0.1500 0.8880 1.3936 0.6000 0.9857 1.4248
0.0045 0.7979 1.3644 0.2000 0.9073 1.3999 0.6499 0.9909 1.4264
0.0085 0.8014 1.3656 0.2500 0.9233 1.4050 0.7000 0.9956 1.4279
0.0125 0.8048 1.3667 0.3000 0.9366 1.4093 0.7498 0.9998 1.4292
0.0165 0.8082 1.3678 0.3500 0.9479 1.4129 0.7999 1.0036 1.4304
0.0205 0.8115 1.3689 0.4000 0.9576 1.4159 0.8499 1.0070 1.4315
0.0305 0.8195 1.3714 0.4500 0.9660 1.4186 0.8997 1.0102 1.4326
0.0500 0.8336 1.3760 0.5000 0.9734 1.4209 0.9496 1.0132 1.4335
0.1000 0.8641 1.3858 0.5500 0.9799 1.4230 1.0000 1.0160 1.4344
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vibrating-tube densimeter thermostatically controlled to
within (0.01 K, with a stated accuracy of (2 × 10-5 g‚cm-3.
Calibration was performed at atmospheric pressure peri-
odically, in accordance with specifications, using deionized
water and dry air. Precautions were taken in order to avoid
evaporation losses and air dissolved during the experimen-
tal work. Refractive indices, nD, were measured with a
digital Abbe refractometer RX-5000 (ATAGO, Tokyo, Ja-
pan) thermostatically controlled to (0.05 K, with a stated
uncertainty of (0.000 02 units.

A set with the compositions varying from 0.0045 to 0.95
mole fraction of glycol was prepared for each system. An
average of at least three measurements was taken for each
composition. The uncertainty of the density measurements
for the systems investigated was estimated to be less than
(1 × 10-4 g‚cm-3. The excess molar volumes were calcu-
lated from density data, and the uncertainties were esti-

mated to be within (1 × 10-2 cm3‚mol-1. The uncertainty
of the refractive index measurements for the systems
investigated was within (4 × 10-4.

Results and Discussion

The molar excess volumes, VE, have been calculated from
density data according to the equation

where V and F are the molar volume and density of the
mixture. x1, V1, M1, x2, V2, and M2 are the mole fraction,
molar volume, and molecular weight of pure components
1 and 2, respectively. The deviations in refractive index
from the mole fraction average, ∆nD, are given by

Table 3 (Continued)

x F/g‚cm-3 nD x F/g‚cm-3 nD x F/g‚cm-3 nD

(x)Tetraethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7852 1.3591 0.1500 0.8789 1.3897 0.6000 0.9763 1.4208
0.0045 0.7894 1.3604 0.2000 0.8981 1.3960 0.6499 0.9815 1.4225
0.0085 0.7929 1.3615 0.2500 0.9141 1.4011 0.7000 0.9862 1.4239
0.0125 0.7963 1.3627 0.3000 0.9274 1.4053 0.7498 0.9904 1.4252
0.0165 0.7996 1.3638 0.3500 0.9386 1.4089 0.7999 0.9942 1.4264
0.0205 0.8029 1.3649 0.4000 0.9483 1.4120 0.8499 0.9977 1.4275
0.0305 0.8108 1.3674 0.4500 0.9567 1.4146 0.8997 1.0009 1.4285
0.0500 0.8249 1.3720 0.5000 0.9641 1.4170 0.9496 1.0038 1.4294
0.1000 0.8551 1.3819 0.5500 0.9706 1.4190 1.0000 1.0066 1.4303

Table 4. Experimental Densities, G, and Refractive Indices, nD, for Binary Mixtures at 308.15 K

x F/g‚cm-3 nD x F/g‚cm-3 nD x F/g‚cm-3 nD

(x)Ethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7766 1.3551 0.1500 0.7958 1.3596 0.6000 0.8321 1.3682
0.0045 0.7773 1.3552 0.2000 0.8012 1.3609 0.6499 0.8349 1.3688
0.0086 0.7779 1.3553 0.2500 0.8061 1.3621 0.7000 0.8375 1.3694
0.0125 0.7784 1.3554 0.3000 0.8107 1.3631 0.7499 0.8399 1.3700
0.0165 0.7790 1.3555 0.3500 0.8150 1.3641 0.7999 0.8422 1.3705
0.0205 0.7796 1.3557 0.4000 0.8189 1.3651 0.8500 0.8445 1.3710
0.0305 0.7810 1.3560 0.4500 0.8226 1.3659 0.9000 0.8466 1.3715
0.0500 0.7836 1.3566 0.5000 0.8260 1.3667 0.9499 0.8485 1.3719
0.1000 0.7900 1.3582 0.5500 0.8292 1.3675 1.0000 0.8504 1.3722

(x)Diethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7766 1.3551 0.1500 0.8245 1.3697 0.5999 0.8978 1.3920
0.0045 0.7784 1.3555 0.2000 0.8365 1.3734 0.6500 0.9028 1.3935
0.0085 0.7799 1.3560 0.2500 0.8473 1.3767 0.6999 0.9073 1.3949
0.0125 0.7815 1.3565 0.3000 0.8569 1.3797 0.7499 0.9115 1.3961
0.0165 0.7830 1.3569 0.3500 0.8655 1.3823 0.7999 0.9154 1.3973
0.0205 0.7844 1.3574 0.4000 0.8732 1.3846 0.8499 0.9191 1.3984
0.0305 0.7881 1.3585 0.4500 0.8802 1.3867 0.8998 0.9225 1.3994
0.0500 0.7950 1.3606 0.4999 0.8867 1.3887 0.9498 0.9257 1.4003
0.1000 0.8107 1.3654 0.5500 0.8925 1.3904 1.0000 0.9287 1.4012

(x)Triethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7766 1.3551 0.1500 0.8483 1.3782 0.6000 0.9383 1.4067
0.0045 0.7795 1.3559 0.2000 0.8645 1.3834 0.6500 0.9437 1.4084
0.0085 0.7820 1.3567 0.2500 0.8786 1.3879 0.7000 0.9486 1.4099
0.0125 0.7844 1.3575 0.3000 0.8907 1.3917 0.7500 0.9530 1.4113
0.0165 0.7868 1.3583 0.3500 0.9013 1.3950 0.7999 0.9571 1.4126
0.0205 0.7892 1.3590 0.4000 0.9105 1.3979 0.8499 0.9608 1.4137
0.0305 0.7949 1.3609 0.4499 0.9186 1.4005 0.8998 0.9643 1.4148
0.0500 0.8054 1.3644 0.5000 0.9259 1.4028 0.9498 0.9676 1.4158
0.1000 0.8288 1.3720 0.5500 0.9324 1.4049 1.0000 0.9707 1.4167

(x)Tetraethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7766 1.3551 0.1500 0.8699 1.3857 0.6000 0.9671 1.4168
0.0045 0.7807 1.3564 0.2000 0.8891 1.3920 0.6499 0.9723 1.4184
0.0085 0.7842 1.3575 0.2500 0.9050 1.3971 0.7000 0.9770 1.4199
0.0125 0.7876 1.3586 0.3000 0.9182 1.4013 0.7498 0.9812 1.4212
0.0165 0.7909 1.3598 0.3500 0.9295 1.4049 0.7999 0.9850 1.4224
0.0205 0.7942 1.3608 0.4000 0.9392 1.4080 0.8499 0.9884 1.4234
0.0305 0.8020 1.3634 0.4500 0.9475 1.4106 0.8997 0.9916 1.4244
0.0500 0.8161 1.3680 0.5000 0.9549 1.4130 0.9496 0.9946 1.4253
0.1000 0.8462 1.3779 0.5500 0.9613 1.4150 1.0000 0.9974 1.4262

VE ) (x1M1 + x2M2)/F - (x1M1/F1 + x2M2/F2) (1)
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Table 5. Experimental Densities, G, and Refractive Indices, nD, for Binary Mixtures at 318.15 K

x F/g‚cm-3 nD x F/g‚cm-3 nD x F/g‚cm-3 nD

(x)Ethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7679 1.3509 0.1500 0.7863 1.3552 0.6000 0.8215 1.3634
0.0045 0.7685 1.3510 0.2000 0.7915 1.3565 0.6499 0.8241 1.3640
0.0086 0.7690 1.3511 0.2500 0.7963 1.3576 0.7000 0.8266 1.3646
0.0125 0.7696 1.3512 0.3000 0.8007 1.3586 0.7499 0.8290 1.3652
0.0165 0.7701 1.3513 0.3500 0.8048 1.3596 0.7999 0.8312 1.3657
0.0205 0.7707 1.3515 0.4000 0.8087 1.3605 0.8500 0.8334 1.3661
0.0305 0.7720 1.3518 0.4500 0.8122 1.3613 0.9000 0.8354 1.3666
0.0500 0.7746 1.3524 0.5000 0.8155 1.3620 0.9499 0.8373 1.3669
0.1000 0.7807 1.3539 0.5500 0.8186 1.3628 1.0000 0.8392 1.3672

(x)Diethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7679 1.3509 0.1500 0.8151 1.3655 0.5999 0.8879 1.3877
0.0045 0.7696 1.3514 0.2000 0.8271 1.3692 0.6500 0.8928 1.3892
0.0085 0.7711 1.3518 0.2500 0.8378 1.3725 0.6999 0.8973 1.3905
0.0125 0.7726 1.3523 0.3000 0.8473 1.3754 0.7499 0.9015 1.3917
0.0165 0.7741 1.3528 0.3500 0.8558 1.3780 0.7999 0.9054 1.3929
0.0205 0.7756 1.3532 0.4000 0.8635 1.3803 0.8499 0.9090 1.3940
0.0305 0.7792 1.3543 0.4500 0.8705 1.3824 0.8998 0.9125 1.3950
0.0500 0.7860 1.3564 0.4999 0.8768 1.3843 0.9498 0.9157 1.3959
0.1000 0.8015 1.3612 0.5500 0.8826 1.3861 1.0000 0.9186 1.3968

(x)Triethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7679 1.3509 0.1500 0.8390 1.3741 0.6000 0.9288 1.4026
0.0045 0.7706 1.3517 0.2000 0.8552 1.3794 0.6500 0.9342 1.4043
0.0085 0.7731 1.3525 0.2500 0.8692 1.3839 0.7000 0.9390 1.4058
0.0125 0.7755 1.3533 0.3000 0.8814 1.3877 0.7500 0.9435 1.4072
0.0165 0.7780 1.3541 0.3500 0.8919 1.3910 0.7999 0.9475 1.4084
0.0205 0.7803 1.3548 0.4000 0.9011 1.3939 0.8499 0.9513 1.4096
0.0305 0.7860 1.3567 0.4499 0.9092 1.3965 0.8998 0.9548 1.4106
0.0500 0.7964 1.3602 0.5000 0.9164 1.3988 0.9498 0.9581 1.4116
0.1000 0.8197 1.3679 0.5500 0.9229 1.4008 1.0000 0.9611 1.4125

(x)Tetraethylene Glycol Dimethyl Ether + (1 - x)Ethanol
0.0000 0.7679 1.3509 0.1500 0.8607 1.3818 0.6000 0.9578 1.4128
0.0045 0.7719 1.3522 0.2000 0.8799 1.3881 0.6499 0.9630 1.4144
0.0085 0.7753 1.3533 0.2500 0.8957 1.3931 0.7000 0.9676 1.4159
0.0125 0.7787 1.3545 0.3000 0.9089 1.3973 0.7498 0.9719 1.4172
0.0165 0.7820 1.3556 0.3500 0.9202 1.4009 0.7999 0.9756 1.4184
0.0205 0.7853 1.3567 0.4000 0.9298 1.4040 0.8499 0.9791 1.4194
0.0305 0.7931 1.3593 0.4500 0.9382 1.4067 0.8997 0.9824 1.4204
0.0500 0.8071 1.3641 0.5000 0.9455 1.4090 0.9496 0.9853 1.4213
0.1000 0.8371 1.3741 0.5500 0.9520 1.4110 1.0000 0.9881 1.4221

Figure 1. Experimentally derived excess molar volume, VE, as a
function of the concentration of glycol in ethanol at T ) 288.15 K
and T ) 318.15 K: 9, 0, ethylene glycol dimethyl ether; [, ],
diethylene glycol dimethyl ether; 2, 4, triethylene glycol dimethyl
ether; b, O, tetraethylene glycol dimethyl ether; s, - - -, Redlich-
Kister equation.

Figure 2. Experimentally derived refractive indices, ∆nD, as a
function of the concentration of glycol in ethanol at T ) 288.15 K
and T ) 318.15 K: 9, 0, ethylene glycol dimethyl ether; [, ],
diethylene glycol dimethyl ether; 2, 4, triethylene glycol dimethyl
ether; b, O, tetraethylene glycol dimethyl ether; s, - - -, Redlich-
Kister equation.
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where nD, nD1, and nD2 are the refractive index of the
mixture and the refractive indices of pure components 1
and 2, respectively. The experimental densities and refrac-
tive indices of four binary mixtures {(x)CH3(OCH2CH2)ν-
OCH3 + (1 - x)C2H5OH} for ν ) 1-4 at T ) (288.15,
298.15, 308.15, and 318.15) K and atmospheric pressure
over the entire mole fraction range are presented in Tables
2-5.

In the system studied, excess molar volumes are negative
and become more negative as the number of -OCH2CH2-
groups of the glycol increases through the whole range of
mole fraction. Similar behavior can also be seen for
mixtures of 1-propanol + ethylene glycol dimethyl ether,
+ diethylene glycol dimethyl ether, and + triethylene glycol
dimethyl ether at 298.15 K.2 The equimolar values of VE

vary from -0.20 cm3‚mol-1 to -0.45 cm3‚mol-1. Figure 1
shows the excess molar volumes, VE, as a function of mole
fraction of glycol for the four systems at the temperatures
288.15 K and 318.15 K. Volume expansion is observed for
the increase in temperature. However, the temperature has
no significant effect on VE for triethylene glycol dimethyl
ether and tetraethylene glycol dimethyl ether in ethanol.

The values of ∆nD are positive for all of the systems over
the entire range of composition except that small nega-
tive values were observed for the system ethylene glycol
dimethyl ether. Figure 2 shows the deviations in refractive
index, ∆nD, as a function of mole fraction of glycol for
temperatures at 288.15 K and 318.15 K. The equimolar

values of ∆nD vary from -0.0141 to 0.0673. There is a very
obvious increase in the magnitudes of nD and ∆nD as the
number of -OCH2CH2- groups increases in the glycol
molecules. The increase in temperature leads to a lower
value of ∆nD for the four systems studied.

The mixing functions VE and ∆nD were represented
mathematically by the following type of Redlich-Kister
equation14 for correlating the experimental data:

where Y refers to VE/cm3‚mol-1 or ∆nD, x is the mole
fraction of the glycol, and ai are the coefficients. The values
of coefficients ai were determined by a multiple regression
analysis based on the least-squares method and are sum-
marized along with the standard deviations between the
experimental and fitted values of the respective functions
in Table 6. The standard deviation is defined by

where m is the number of experimental points and p is
the number of adjustable parameters. For the case of
VE, the σ values lie between 0.0022 cm3‚mol-1 and
0.0070 cm3‚mol-1 and the largest σ value corresponds
to the triethylene glycol dimethyl ether + ethanol mix-
ture at 298.15 K. For the case of ∆nD, the σ values lie

Table 6. Coefficients and Standard Deviations, σ, of VE and ∆nD for the Binary Mixtures in the Temperature Range
288.15-318.15 K

Y/unit T/K 102a0 102a1 102a2 102a3 102a4 105σ

(x)Ethylene Glycol Dimethyl Ether + (1 - x)Ethanol
VE/cm3‚mol-1 288.15 -91.181 16.432 39.649 24.770 -78.219 605

298.15 -88.063 20.818 31.601 13.545 -56.285 337
308.15 -83.619 23.191 23.446 -1.3110 -29.453 225
318.15 -79.107 21.148 30.456 9.5017 -30.958 369

∆nD 288.15 -2.7845 0.7396 -4.4033 1.3961 18.476 91
298.15 -4.5988 -0.92115 -3.3140 -4.3815 6.6039 93
308.15 -4.9354 -0.83996 -3.9137 -4.9467 6.3115 86
318.15 -5.5278 -0.94144 -3.5553 -5.8077 3.5838 81

(x)Diethylene Glycol Dimethyl Ether + (1 - x)Ethanol
VE/cm3‚mol-1 288.15 -111.19 34.968 3.2271 36.574 -58.551 525

298.15 -109.02 43.764 8.0194 10.595 -56.558 337
308.15 -102.37 46.179 -7.9734 5.8396 -27.671 382
318.15 -97.339 49.471 -6.0971 -5.6219 -17.180 351

∆nD 288.15 9.9554 -5.4262 2.3063 -5.1204 11.646 101
298.15 9.2635 -5.9937 1.8017 -4.0040 9.9423 58
308.15 8.5504 -6.1568 1.1089 -4.2953 10.072 42
318.15 7.7607 -6.3587 1.3473 -4.0294 8.4207 43

(x)Triethylene Glycol Dimethyl Ether + (1 - x)Ethanol
VE/cm3‚mol-1 288.15 -145.13 70.878 2.5646 66.224 -72.580 615

298.15 -142.88 79.059 8.1409 39.986 -75.028 699
308.15 -138.33 78.601 -23.192 39.278 -18.852 490
318.15 -137.64 87.421 -16.763 14.482 -23.356 661

∆nD 288.15 19.950 -12.662 6.1547 -7.3449 11.318 415
298.15 18.533 -13.759 5.4270 -5.0967 7.1427 63
308.15 17.125 -14.600 3.3565 -5.0864 10.971 123
318.15 14.366 -11.920 1.0332 -9.7535 15.283 138

(x)Tetraethylene Glycol Dimethyl Ether + (1 - x)Ethanol
VE/cm3‚mol-1 288.15 -181.21 89.526 -43.538 86.654 -56.655 697

298.15 -179.15 93.594 -52.437 70.402 -35.999 657
308.15 -177.66 99.213 -51.962 63.934 -30.482 507
318.15 -176.69 97.152 -46.420 61.557 -35.433 419

∆nD 288.15 27.006 -14.552 9.8671 -19.689 27.662 84
298.15 24.549 -16.922 5.9532 -15.443 29.082 105
308.15 21.545 -18.168 8.0240 -15.887 23.008 96
318.15 18.370 -18.434 7.4823 -10.421 15.284 119

∆nD ) nD - (x1nD1 + x2nD2) (2)

Y ) x(1 - x)∑
i)0

p

ai(2x - 1)i (3)

σ ) [∑
i)1

m

(Yi
exp - Yi

calc)2/(m - p)]1/2 (4)
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between 0.0004 and 0.0014 and the largest σ value corre-
sponds to triethylene glycol dimethyl ether + ethanol at
318.15 K.
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