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Excess Molar Enthalpies and Hydrogen Bonding in Binary Mixtures Containing
Ethers and Benzyl Alcohol at 308.15 K and Atmospheric Pressure

Carlo Castellari*
Dipartimento di Chimica “G. Ciamician”, Universitdegli Studi di

Bologna, Via Selmi 2, I-40 126 Bologna, Italy

Excess molar enthalpieH,'f], of binary liquid mixtures containing dibutyl ether, ethylene glycol monoethyl ether,
ethylene glycol dimethyl ether, ethylene glycol diethyl ether, diethylene glycol ethyl ether, diethylene glycol
diethyl ether, or triethylene glycol monoethyl etherbenzyl alcohol have been measured over the entire range
of composition at 308.15 K and at atmospheric pressure using a flow microcalorimeter. Data were fitted to the
Redlich—Kister equation. The results show how the enthalpy of mixing is influenced by both the steric and
electronic characteristic of the terminal groups that belong to theeQ®H,OCH;] central unit of the ether and

by the hydrogen bonding.

Introduction

The calorimetric enthalpy of mixing is strongly influenced
by the hydrogen bonding of the components, and accurate
measurements of excess molar enthalpy are required for a full
understanding of the thermodynamic behavior of liquid mixtures

with interacting components. As an example, experimental data
e

of excess enthalpies are used to check the goodness of th
spectroscopic estimates of the total enthalpies of hydrogen
bonding present in the solutidn.

In previous paper$;* the excess molar enthalpieHE,, of
binary mixtures containing R[OP],—R’, where OP is the
repeating unit ChOCH, and R= R’ = CH,OH, + three aryl
alcohols Ph-(CH,),—OH, with n 1, 2, 3, have been
determined at 308 K. As a continuation of the research, in this
article excess enthalpies of binary mixtures formed by an ether
(component 1) such as dibutyl ether, ethylene glycol monoethyl
ether, ethylene glycol dimethyl ether, ethylene glycol diethyl
ether, diethylene glycol ethyl ether, diethylene glycol diethyl
ether, triethylene glycol monoethyl ethefr benzyl alcohol
(component 2) are determined at 308 K and over the whole
range of composition. The molecular structure of these com-
pounds can be represented by the formutd ®P],—R' (Table
1) with OP= CH,OCH,. It is thus possible to compare between
the H,ﬁ obtained by mixing ethers with the same numpeaf
repeating units and different end chains, and benzyl alcohol.

treatment. Triethylene glycol monoethyl ether was purified by

vacuum distillation. Before use, the substances were kept over
freshly activated molecular sieves (Union Carbide type 4A) and

degassed by ultrasound (ultrasonic bath, Hellma, type 460,
Milan, Italy).

Densities.The densities of pure compoungswere deter-
mined experimentally at 308.15 K as a test of quality using a
vibrating-tube density meter (Anton Paar, model DMA 60/602,
Graz, Austria) operating in static mode. The temperature inside
the vibrating-tube cell was measured using a digital thermometer
(Anton Paar, type CTK 100) and was regulated to better than
+0.01 K using a water circulating bath (Heto, type 01 DBT
623, Birkeral. Denmark). The uncertainty in the density was
+1.5 x 10°% g-cm3. The densities of the pure liquids are
presented in Table 1, along with literature values for comparison.

Calorimetric MeasurementsThe excess molar enthalpies,

=, were measured by a isothermal flow microcalorimeter
(LKB, model 2107, Producer AB, Bromma, Sweden) thermo-
stated at (308.15- 0.01) K. The apparatus consists of a flow-
mixing cell, a reference cell, a thermostatic water bath, and a
personal computer for data acquisition and processing. Two
automatic liquid burets (ABU Radiometer, Copenhagen, Den-
mark) pump the pure liquids into the cells. The temperature of
the water bath is controlled to withi#0.01 K.

Molar fractions of mixtures were computed from densities
and volumetric flow rates of components pumped into the

Glycol ethers are used in the cleaning of exhaust air and gasmixing cell. Details and operating procedures of the apparatus

streams from industrial plants because of both their H-bonding
power and their favorable properties (low vapor pressure, low

have been reported elsewhéfel he uncertainties iif, HE, and
X1 are estimated to b&£0.01 K, less than 1 %, antd2 x 1074,

toxicity, low viscosity, and chemical stability). Because process respectively. The miscibility of the components was tested prior
design using this method requires accurate thermodynamicalg calorimetric experiments. In each mixture, the two compo-
property data, the aim of this work is to study the influence of nents were found to be completely miscible over the whole
both conformational and electronic characteristics of the terminal concentration range.
groups R, Rpresent in the ether on thd, of the mixtures. The total flow rates are usually kept at about 0.£gmnin™2,
] ] but in dilute regions, the total flow rates may increase up to

Experimental Section 0.8 cn-min~1. The calorimeter was calibrated by the Joule

Chemicals. The sources and the purities declared by the effect, and the calibration was repeated after each experiment.
manufacturer are reported in Table 1. The products having a "€ performance of the apparatus was checked at 298.15 K on

mass fraction of the chemical99 % were used without further
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051-2094325.

10.1021/je0504212 CCC: $33.50

the systems hexank cyclohexane and methantlwater! The
agreement between our data and literature values was better than
0.5 % over most of the concentration range (Figure 1).
Moreover, the microcalorimeter was checked at 308.15 K on
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Table 1. Experimental Densitiesp at T = 308.5 K and Literature Data of

2006

Pure Components: R-[OP],—R’

plg-cm3

compound AvapH/kImol™2 R R p exptl lit
dibutyl ethef 44,7152 CHCH,CHs CH,CH,CHs 1 0.75522 0.764440'7
ethylene glycol monoethyl ettfer 49.993 CHs CH,OH 1 0.91600 0.9116518
diethylene glycol 78.58 CH,OH CH,OH 1 1.10586 1.10588
ethylene glycol dimethyl ethér 36.76° H H 2 0.85028 0.8446418
ethylene glycol diethyl ethér 37+ 4) CHs CHs 2 0.82622 0.844
diethylene glycol ethyl ether 54.436 CHs CH,OH 2 0.97467 0.98468'9
triethylene glycol 84.5 CH,OH CH,OH 2 1.11259 1.11261
diethylene glycol diethyl ethér CHs CHs 3 0.89308 0.9035%°
triethylene glycol monoethyl ethiér CHs CH,OH 3 1.00880 1.016421
tetraethylene glycol CHOH CH,OH 3 1.11232 1.11231
benzyl alcohol 498 1.03364 1.0337

2298.15 K.P 313.15 K.¢ Aldrich, purity =99 %. 9 Fluka Technical, purities:
law.

94 % before distillation99 % after distillation® Estimated from Trouton’s

] 2®O®® 005 o the calculated value$ica) using a RedlichKister poly-
& e nomial
0 ¢ Q\' E k
Hm(calc) = XlXZZ)ak (Xl - XZ) (1)
5 ° )
- h . .
5 ¢ o whereay represents the adjustable parametersxarehdx; are
E . . the mole fractions of components 1 and 2, respectively.
oE 400 ; A suitable objective function to be minimized is
= *
1 * . N
o _ E Eq2
’0 R ¢= Z[Hm(calc) - Hm]k 2
. =
-800 * . <o
Ceo® whereN is the number of experimental points.
— The standard deviationg(Hy;) are defined as
0 02 04 06 08 1 b |05
X oHe) = N =5 3)

Figure 1. Comparison of excess molar enthalpies at 298.15 K. Hexane
(1) + cyclohexane (2)®, this work;O, Gmehling’ Methanol (1)+ water
(2): #, this work; <, Gmehling’

800 — 00 © o

HE / Jmol-1

Figure 2. Experimental excess molar enthalpibﬁ. This work: @,
dibuthyl ether (1)+ benzyl alcohol (2)M, ethylene glycol monoethyl ether
(1) + benzyl alcohol (2);x, diethylene glycol (11 benzyl alcohol (2).
Literature data:<, diethylene glycol (1)+ benzyl alcohol (2), Francesconi
et al.? O, dibuthyl ether (1)+ methanol (2), Villamaan et alt® Curves,
Redlich—Kister equation (eq 1).

the system diethylene glycat benzyl alcohol. The values of
HE agree with the data determined in a previous WgBigure
2), within the limits of experimental errors.

Data Reduction

Each set of experimental resultstdf, has been fitted by the
method of least squares, with all points weighted equally, to

wheren is the number of adjustable parametegs

Results and Discussion

The experimental excess molar enthalp}dﬁ, at 308.15 K
are reported in Table 2 as a function of the molar fractian,
of the ethers. The estimated adjustable paramegées) 1) and
the relative standard deviatiom{Hﬁ) (eq 3), obtained in the
fitting, are listed in Table 3.

The experimental results are presented in Figuress 1
together WithHﬁ(cam (solid-line curves). Each Figure shows
the data of mixtures with the same value mfwhich is the
number of repeating units GBCH,. In these Figures are also
shown, for comparison, some literature values together with
H,E(ch) (broken-line curves). The results will be qualitatively
explained by considering that;, O (E11 + Ex» — 2E;2), where
E; represents the interaction energy between moledudad].
BecauseEj is proportional to the vaporization enthalpy, values
of AvagH, quoted in the literature, are listed in Table 1.

Figure 2 (p=1). Dibutyl Ether+ Benzyl Alcohol.For this
system, thd—lﬁ values are positive (with a maximum of 688
Jmol~tatx; = 0.71).The steric hindrance of the butyl moieties
and the presence of intramolecularB---O interactions inside
the ether most likely contribute to these results. Both factors
lower the acceptor character of the oxygen atom, decreasing
the strength of the intermolecular GH—0 bonds between the
ether and butyl alcohol, that i&;,. However, the trend irh-IE1
versusx; is quite different at extreme values of concentration;
in particular, the alcohol-rich region presents vaIueBlquthat
are asymptotically close to zero. Consequently, it can be
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Table 2. Experimental Excess Molar EnthalpiesHE1 of Binary Mixtures Containing Ethers (1) + Benzyl Alcohol (2) at 308.15 K

x1 HE/J-mol-1 x1 HE/J:mol-1 X1 HE/Jmol-1 X1 HE/Jmol-1 X1 HE/J-mol -1 x1 HE/J-mol-1
Dibutyl Ether (1)+ Benzyl Alcohol (2) Diethylene Glycol Ethyl Ether (1) Benzyl Alcohol (2)
0.0247 —6.7 0.2327 253.3 0.7082 688.3 0.0289 —197.0 0.2629 —871.7 0.7405 —617.2
0.0481 1.0 0.2880 343.5 0.7845 672.6 0.0561 —346.3 0.3223  —919.3 0.8106  —487.0
0.0705 17.8 0.3776 475.4 0.8292 641.3 0.0819 —461.0 0.4164  —941.3 0.8509  —400.8
0.0918 40.3 0.4765 588.2 0.8792 569.7 0.1063 —551.5 0.5170 —896.3 0.8954  —295.7
0.1317 92.7 0.5482 642.2 0.9357 400.7 0.1514 —680.8 0.5880 —832.2 0.9448 —164.6
0.1682 148.7 0.6454 680.9 0.1921 -769.6 0.6816  —711.7
Ethylene Glycol Monoethyl Ether (1 Benzyl Alcohol (2) Diethylene GchoI Diethyl Ether () Benzyl Alcohol (2)
0.0424 —90.8 0.3471 —441.4 8097 —247.8 0.0234 —167.6 0.2236 —849.3 0.6973 —530.6
0.0814 —162.0 0.4148  —460.7 0.8645 —176.6 0.0458 —304.4 0.2774 —891.6 0.7756  —401.6
0.1173 —218.4 0.5154  —457.8 0.8948 —133.6 0.0672  —416.7 0.3655  —890.6 0.8217 —320.3
0.1505 —265.6 0.6147  —419.0 0.9273 —88.4 0.0876 —508.3 0.4635 —825.5 0.8736  —224.5
0.2100 —336.1 0.6802 —375.4 0.9623 —41.6 0.1259 —647.3 0.5353 —749.8 0.9325 —114.8
0.2617 —385.3 0.7613  —301.9 0.1611 —741.8 0.6334  —624.7
Ethylene Glycol Dimethyl Ether (1} Benzyl Alcohol (2) Triethylene Glycol Monoethyl Ether (1) Benzyl Alcohol (2)
0.0395 72.3 0.3305 —335.1 0.7979 364.3 0.0241 —-196.9 0.2284 —927.3 0.7031  —764.7
0.0760 56.7 0.3969 —334.7 0.8555 489.3 0.0470 —353.3 0.2830 —987.4 0.7804 —610.4
0.1098 29 0.4968 —261.2 0.8876 517.0 0.0689 —476.3 0.3719 —1036.3 0.8257 —510.0
0.1413 —62.5 0.5969 —122.5 0.9221 485.9 0.0898 —574.6 0.4704 —1030.0 0.8766  —385.8
0.1979 —182.3 0.6638 12.8 0.9595 344.9 0.1290 —716.9 0.5422 —985.1 0.9343 —226.8
0.2476 —264.9 0.7476 227.2 0.1648 —813.5 0.6398  —869.1
Ethylene Glycol Diethyl Ether (1} Benzyl Alcohol (2)
0.0296 —49.4 0.2678 —548.9 0.7453 —183.5
0.0575 —122.3 0.3278  —553.6 0.8144 —38.5
0.0838 —202.2 0.4225 —-512.1 0.8541 42.8
0.1087 —275.7 0.5232  —449.0 0.8977 109.5
0.1546 —398.1 0.5940  —395.7 0.9461 124.3

0.1960 —478.1 0.6870 —285.9

Table 3. Adjustable Parametersax (Equation 1) and Standard Deviationsa(HrEn) (Equation 3) of Binary Mixtures Containing Ethers (1) +
Benzyl Alcohol (2) at 308.15 K

component 1 N a a as au as o(HE)
dibutyl ether 2431.08 1633.94 214.88 1677.69 1471.21 1388.22 0.7
ethylene glycol monoethyl ether —1852.89 268.08 106.14 282.65 3.0
ethylene glycol dimethyl ether —1032.78 2191.84 2155.50 1936.23 6419.61 0.8
ethylene glycol diethyl ether —1856.89 1280.38 —1400.49 3105.59 4853.66 —1825.84 0.6
diethylene glycol ethyl ether —3635.15 1170.93 —741.10 820.74 —1027.54 3.3
diethylene glycol diethyl ether —3158.51 2057.22 —1438.42 941.41 15
triethylene glycol monoethyl ether —4063.35 1158.09 —668.74 1353.63 —1792.32 0.4

assumed that when the ether is surronded by a great number of Figure 3 (p = 2). Ethylene Glycol Dimethyl Ether (Syn-
benzyl alcohol dimefs’ the interaction energy between unlike onym: 1,2-Dimethoxyethanel Benzyl Alcohol. The HE,
molecules balances the self-association energy of componentsvalues of this system are roughly positive far< 0.1 andx;

On the contrary, in the ether-rich region, the alcehether H > 0.65 (517 dmol~1, x; = 0.89, at the maximum) and negative
bonding is weaker than the alcohd@lcohol and etherether between these concentrations335 Jmol~2, x; = 0.33, at the
interactions (Ei> < Ei1 + Ezo). Similar behavior was found  minimum). 1,2-Dimethoxymethane can assume different con-
for the system dibuthyl ether/methatbat 298.15 K (Figure  formations. However, in the liquid state, the energies and
2, open circles). In effect, the two curves are skewed toward stability of some of the five principal conformers are still
the region of high dibuthyl ether concentration and are similar, controversial. It is assumed that in solution the intermolecular
allowing for the decrease ifivaH of the components (and hence  hydrogen bonding ability and the concentration of the solution

of E11 and Ezo) with the increase in temperature. are both basic factors in the populations of the conforr¥fers.
Ethylene Glycol Monoethyl Ether (Synonym: 2-Ethoxy-  As a result, the sigmoidal character of tHE curve could be
ethanol) + Benzyl Alcohol.The system presents negatioiE] related to changes in the conformational preference of 1,2-

values over the whole range of composition (with a minimum  dimethoxyethane with concentration. Positive enthalpies of
of —457 Jmol™* atx; = 0.51). Because both the components mixing should be partially derived from the stabilization of
are strongly associated with high..pH (nearly 50 kamol™, “hydrophobic” conformers in which the etheric oxygen atoms
see Table 1) negatlve excess enthalp|es of m|X|ng requ|re Stron%re involved in G-H-+-O intramolecular interactions.
H-bonding between the components. In effect, an X-ray analysis
reveals that the ethylene glycol monoethyl ether is able to give ethane; 3,6-Dioxaoctane)t Benzyi Alcohol. The heat of

a medium-strong intermolecular H-bokdThe curve is sym- L . Lo o
metrical and quite similar to the analogous plot of diethylene m'ﬁ:r;g;li cr)]r?c?frtil\c/ﬁ fessign‘};(z:l S|'iX|l’lt|_ Ogsgi’tiit?oer g]llr:im;u{ert]%er
glycol + benzyl alcohol reported in Figure 2—% = —458 g gnty p g

. ]y — .
Jmol™%, x; = 0.52, at the minimun®) However, the substi- ;oEncentratllon |(124 thol bxi O.%S,;at th? mz;xnr]numg. The :
tution of a CH with a CHOH group in component 1 increases = m curve 1s amos_t parabolic, and the role of the ¢ ange in
(~36 %) the heat of vaporization (Table 1) but has no effect confprmer population appears to be less marked than in the
on the differenceEy, — 2E1, as a consequence of a parallel Previous system.

strengthening of the H-bonds between different molecules of It should be noted that in going from ethylene glycol dimethyl
the mixture. ether to ethylene glycol diethyl ether the minimum in ﬂiﬁ

Ethylene Glycol Diethyl Ether (Synonyms: 1,2-Diethoxy-
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Figure 3. Experimental excess molar enthalpibﬁl. This work: @,
ethylene glycol dimethyl ether (1 benzyl alcohol (2)m, ethylene glycol
diethyl ether (1 benzyl alcohol (2)a, diethylene glycol ethyl ether (1)
+ benzyl alcohol (2). Literature data®, triethylene glycol (1)t benzyl
alcohol (2), Francesconi et &lCurves, RedlichKister equation (eq 1).

Figure 4. Experimental excess molar enthalpibél. This work: @,
diethylene glycol diethyl ether (1 benzyl alcohol (2)M, triethylene glycol
monoethyl ether (1} benzyl alcohol (2). Literature data®, tetraethylene
glycol (1) + benzyl alcohol (2), Francesconi efal.urves, RedlickKister
equation (eq 1).

curve roughly doubles. Because the substitution of two hydrogen strong minimum,—~1037 3mol~1, that results in a correspond-

atoms with two methyl groups does not appreciably affect the ingly higher value for the system tetraethylene glyedbenzyl
termEqy (Table 1), the ternEs. must increase strongly, and it 5c5ho (734 IJmolL atx, = 0.47}

can be assumed that the methyl groups raise the negative charges
on the oxygen atoms with a consequent increase in hydrogen
bonding between the ether and alcohol.

Diethylene Glycol Ethyl Ether (Synonyms: 2-(2-Ethoxy-
ethoxy)ethanol, Carbitol)+ Benzyl Alcohol. The Hﬁ values
are negative and present a strong minimum-6#1 Jmol! at
x1 = 0.42 that results in almost twice the value of the one
corresponding to the system triethylene gly¢dbenzyl alcohol
(=504 Imol™1, x; = 0.54, at the minimunf) The strong
minimum of the heat of mixing agrees with the chelating
functionalities of diethylene glycol ethyl eth& Finally, the
substitution of a Chlwith a CH,OH group increases the heat
of vaporization of component 1 by the same amount found for
the previous casp = 1 (Table 1), but in this case, the strength

The HrEn curve is more symmetrical (minimum &t = 0.37)
than the corresponding one of the previous system, suggesting
less-pronounced changes in the conformation of the ether. A
comparison of the results presented in the cited IR Sf,idyth
reference to diethylene glycol diethyl ether and triethylene glycol
monoethyl ether in water, has shown that the latter system
presents both a less-pronounced preference for the gauche
conformation around the-©C bond and a smaller effect of the
ether concentration on the ratio of the gauche/trans conformation
than the former one.

In conclusion, the study of the calorimetric behavior of
mixtures of various short-chain ethers in benzyl alcohol has
provided some information about the influence of the structural

of the self-association bonding is not fully compensated for by properties of component 1 on the heat of mixing. The steric

an analogous increase in the intermolecular H-bonding betweenand electronic_ characteristics of the terminal groups as well as
triethylene glycol and benzyl alcohol the conformation of the whole ether molecule greatly influence

E . . . ™
Figure 4 (p = 3). Diethylene Glycol Diethyl Ether (Syn- the H;, of the mixtures, changing both the availability and the

onym: Diethylcarbitol) + Benzyl Alcohol. The HE] curve is H-bond acceptor character of etheric oxygen atoms.
parabolic and negative with a sharp minimum8@2 Jmol?,

x; = 0.28) that is coherent with the presence of three oxygen
atoms in the ether molecule. In effect, in the solid state, the | thank Dr. Michele Contento (Dipartimento di Chimica “G.
diethylene glycol diethyl ether can act as a tridentate ligand Ciamician”, Universitadegli Studi di Bologna) for his valuable
with metals!4 and thus it seems plausible to consider that the assistance with chemical purification.

presence of four-center hydrogen boftdm the alcoholic . .
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