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Thermodynamics of Mixtures Involving Some Linear or Cyclic
Ketones and Cyclic Ethers. 2. Systems Containing Tetrahydropyran
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Densities p, refractive indices n, and volumetric heat capacities C,/V have been measured at 298.15 K
over the whole concentration range for the binary mixtures {tetrahydropyran + 2-pentanone, -+
2-heptanone, or + cyclopentanone}. From the experimental data, excess molar volumes VE, excess molar
refractions RE, and excess molar isobaric heat capacities CFE, were calculated. Deviations of refractive
index from ideality were determined by using a deviation function defined on a volume fraction basis,
Any. Excess molar enthalpies HE have been measured at the same temperature for the systems
{tetrahydropyran + 2-pentanone, + 2-heptanone, + cyclopentanone, or + cyclohexanone}. The discussion
of these quantities entails a comparison with the results obtained in part 1 of this series for a homologous

set of systems containing tetrahydrofuran.

Introduction

In part 1 of this series! we have undertaken the study
of thermophysical properties of {cyclic ether + (linear or
cyclic) ketone} mixtures by focusing our attention on a set
of systems having tetrahydrofuran (THF) as a common
component. In the present work we are concerned with a
homologous set where the common component is tetrahy-
dropyran (THP). This choice allows one to make compari-
sons with the aim of analyzing the influence of the C-atom
number of the monoether on the studied properties. On the
other hand, some of us determined, in the past, excess
properties of {THF or THP + alkane or + 1-alkanol}
mixtures;2~7 which means interesting data to enrich the
discussion are available. In fact, ketones can be visualized
as an intermediate case between alkanes (inert compounds)
and alkanols (highly self-associated compounds), from the
viewpoint of association.

We have measured at 298.15 K and atmospheric pres-
sure the densities p, refractive indices n, and volumetric
heat capacities Cp/V of {THP + 2-pentanone, + 2-hep-
tanone, or + cyclopentanone} mixtures and the excess
enthalpies of {THP + 2-pentanone, + 2-heptanone, +
cyclopentanone, or + cyclohexanone}. From the experi-
mental data, excess molar volumes VE, excess molar
refractions RE, deviations of refractive index from ideality
Ang, and excess molar isobaric heat capacities CE have
been calculated. The discussion of results compares the
behavior of THF and THP mixtures, examines the influence
of the size and shape of the ketone on the excess properties,
and analyzes the role of unlike-pair interactions. Besides,
the interpretation of the ratio of molar volume to molar
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refraction V/R as a measure of the degree of free volume
appears to be a useful tool for qualitative considerations
supporting that discussion.

Experimental Section

Tetrahydropyran was obtained from Aldrich (purity
99%). The measured density (p = 0.878 91 g-cm3), isobaric
heat capacity (C, = 149.32 J-mol~1-K™1), and refractive
index at the D-line of sodium (n = 1.418 65) agree closely
with literature values at the same temperature (298.15
K).38-11 The experimental volumetric heat capacity Cp/V
is 1.5237 J-cm~3-K~1. In part 1 of this series (Table 1),
similar information concerning the ketones was furnished.

The liquids were used without further purification other
than being kept over molecular sieves to remove water. For
calorimetric measurements they also were degassed under
vacuum to avoid bubble formation. Liquid mixtures for
density, refractive index, and heat capacity measurements
were prepared by mass in airtight stoppered bottles,
bearing in mind the vapor pressures of the components
when establishing the filling sequence. The error in the
mole fraction was estimated to be <1074

Experimental densimetric and calorimetric techniques
have been described in detail in a previous series.’>~14 The
refractometer and its operating mode have been detailed
elsewhere.1>16 Excess enthalpies were measured with a
LKB differential calorimeter (model 2107-121) operating
under constant flow conditions. Liquids were pumped by
the 5 uL heads of two HPLC pumps, with the total flow
rate being 0.6 cm3-min~! and the error in mole fraction kept
less than 1073, Since the residence time in the mixing
chamber guaranteeing complete mixing may vary consider-
ably with the type of mixture, the optimum flow rate has
to be determined experimentally. The apparatus has
proved to have an uncertainty less than 0.5% at the
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Table 1. Experimental Excess Molar Enthalpies HE and
Uncertainties dHE at the Temperature 298.15 K

Table 2. Experimental Densities p and Excess Molar
Volumes VE at the Temperature 298.15 K

HE OHE HE OHE o VE o VE
X J-mol—t J-mol—t X J-mol~1t J-mol—t X g-cm=3  cm3mol—t X g-cm=2  cm3mol~!
(X)THP + (1 — x)Cyclopentanone (X)THP + (1 — x)Cyclopentanone
0.10 53.10 0.32 0.55 158.13 0.47 0.0621 093988 —0.0121 05105 0.90990 —0.0610
0.15 75.70 0.13 0.60 155.35 0.42 0.1532 0.93366  —0.0297 0.5187 0.909 32 —0.0591
0.20 96.07 0.47 0.65 149.43 0.38 0.2354 0.92810 —0.0422 0.5466 0.907 55 —0.0602
0.25 113.25 0.32 0.70 140.56 0.55 0.3090 092312 —0.0502 0.5498 0.90730 —0.0587
0.30 127.34 0.34 0.75 128.11 0.63 0.3167 0.92264 —0.0501 05959 0.90437 —0.0598
0.35 138.65 0.55 0.80 111.57 0.49 0.3460 0.920 67 —0.0545 0.6289 0.902 25 —0.0578
0.40 147.62 0.51 0.85 91.62 0.42 0.3516 0.920 32 —0.0530 0.6335 0.901 96 —0.0577
0.45 154.11 0.42 0.90 65.90 0.87 0.3936 091752 —0.0576 0.6618 0.90016 —0.0576
0.50 157.70 0.43 0.3997 0.91716 —0.0573 0.7080 0.897 22 —0.0548
(\)THP + (1 — x)Cyclohexanone 0.4297 091515 —0.0595 0.7941 0.89179 —0.0469
010 2709 078 055 89 39 065 0.4312 091507 —0.0580 0.8569 0.88785 —0.0374
0.4661 091274 —0.0585 09351 0.88298 —0.0222
0.15 38.46 0.41 0.60 89.76 0.56 0.4676 0.91270 —0.0602 0.9390 0.88271 —0.0186
0.20 48.92 0.79 0.65 87.47 0.58 . . : : : :
0.25 58.27 0.62 0.70 83.40 0.61 (X)THP + (1 — x)2-Pentanone
0.30 66.86 0.84 0.75 76.98 0.63 0.0708 0.806 39 —0.0007 0.5548 0.84249 0.0125
0.35 73.54 0.75 0.80 68.62 0.57 0.1523 0.812 26 0.0003 0.5825 0.844 66 0.0137
0.40 78.95 0.32 0.85 57.23 0.29 0.2361 0.818 39 0.0021 0.6397 0.84917 0.0152
0.45 83.02 0.54 0.90 42.00 0.38 0.3015 0.823 22 0.0044 0.6747 0.85195 0.0156
0.50 86.58 0.60 0.3529 0.827 06 0.0056 0.7079 0.854 61 0.0156
0.3858 0.829 54 0.0068 0.7776 0.860 26 0.0155
0.10 6.6 (X)THPlJ{) @ X)f) gg”ta”"rgg 07 0.55 04384 0.83353  0.0087 0.8646 0.86744  0.0115
0'15 38.51 0.78 0.60 93.08 0.60 0.4683 0.835 82 0.0094 0.9428 0.87402 0.0060
‘ ‘ ‘ ‘ ' ‘ 0.5046 0.838 60 0.0110
0.20 49.70 0.63 0.65 91.58 0.30
0.25 60.14 0.80 0.70 88.91 0.38 (X)THP + (1 — x)2-Heptanone
0.30 68.65 0.60 0.75 82.45 0.48 0.0796 0.814 73 0.0096 0.5455 0.84154 0.0458
0.35 76.03 0.67 0.80 72.67 0.34 0.1679 0.81918 0.0190 0.5907 0.844 65 0.0461
0.40 82.57 0.69 0.85 60.84 0.41 0.2235 0.822 12 0.0245 0.6312 0.84753 0.0461
0.45 87.51 0.59 0.90 44.87 0.43 0.3185 0.827 40 0.0325 0.6667 0.850 14 0.0454
0.50 91.28 0.47 0.3518 0.829 33 0.0357 0.7077 0.853 23 0.0451
0.4045 0.83249 0.0391 0.7101 0.85342 0.0451
0.10 148 (X)THPI_JB (@ X)%_'ggpta”"%%_sl 0.90 04377 0.83453 00411 07907 0.85984  0.0415
0.4617 0.836 04 0.0423 0.8696 0.866 59 0.0310
0.15 22.19 0.63 0.60 61.30 0.54 0.5166 0.839 61 0.0448 0.9539 0.874 37 0.0134
0.20 29.13 0.82 0.65 61.10 0.76 : : : . : :
0.25 34.29 0.43 0.70 59.41 0.87 i L.
0.30 39.57 0.79 0.75 5587 0.58 that, in the case of { THP + 2-pentanone} the pure liquids
0.35 44.54 0.55 0.80 50.35 0.73 and solutions had to be pumped in the order of increasing
0.40 49.52 0.80 0.85 43.28 0.54 viscosity (contrary to what is generally recommended), from
8-;1(5) g?gg 8-?2 0.90 33.19 0.34 the ketone to the ether, at the expense of the baseline

maximum of the thermal effect. Densities were measured
with a vibrating-tube densimeter from Anton Paar (model
DMA 60/602) operated in the static mode and calibrated
with bidistilled and deionized water and dry air on a daily
basis. The uncertainties of p and VE are less than 1075
g-cm~3 and 4-10-3 cm3-mol~1, respectively. For refractive
index measurements at the wavelength of the D-line of
sodium, we have used a Mettler Toledo refractometer
(model RA-510M) having an uncertainty of 10-,5 calibrated
with bidistilled and deionized water. The solutions were
prethermostated at 298.15 K before the experiences in
order to achieve a quick thermal equilibrium. Volumetric
heat capacities were determined by the stepwise procedure
with a Picker flow microcalorimeter (from Setaram)
equipped with gold cells, with the flow rate being 0.66
cm3-min—1, The stability of the thermostat was better than
0.005 K, and the apparatus was adjusted to obtain a
centered temperature of 298.15 K accounting for the
increment of temperature imposed by the measuring
process. Under these conditions the apparatus can detect
Cp/V differences of 107 J-cm~3-K~1. As primary reference
we selected heptane, for which Cp/V was taken to be 1.5237
J-cm~3-K~1 (unpublished value, obtained at the T.S.P.
laboratory by using a Setaram microDSC). The mixtures
considered in this work presented a strong tendency to
develop bubbles in the flow line of the calorimeter, even
after having been stirred in an ultrasound bath. To avoid

undergoing a non-negligible drift. We encountered the same
problem (drift in the baseline) when measuring { THP +
cyclopentanone}, despite pumping the liquids in the (rec-
ommended) order of decreasing viscosity, from the ketone
to the ether again. Concerning the system { THP + 2-hep-
tanone}, the only way of avoiding bubbles was to reduce
the number of intermediate solutions in the stepwise
procedure, so much so that three different series of
measurements were needed to determine the volumetric
heat capacities of 12 solutions.

Results and Discussion

Tables 1—4 give experimental data at 298.15 K for HE,
p, N, and C,/V, in terms of the ether mole fraction x. Excess
volumes VE and deviation functions An and A(C,/V) are
included in Tables 2, 3, and 4, respectively. The quantities
An and A(Cp/V) are defined as deviations from the linear
behavior on a mole fraction basis

An=n—xn; — (1 —x)n, Q)
A(C,/V) = CpIV = X(C,/V); = (1 = X)(C,/V),  (2)

and have been calculated just with the aim of presenting
information closer to experimental measurements than RE
and CE, which involve in their calculation density values
coming from a fit. Thus, An and A(C,/V) account for the
small differences in pure compound properties among
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Table 3. Experimental Refractive Indices n and
Deviations of Refractive Index from Linear Behavior (Eq
1) An at the Temperature 298.15 K

X n 10%An X n 103%An
(X)THP + (1 — x)Cyclopentanone

0.0723 143370 —0.066 05485 142571 —0.296
0.1530 1.43231 —0.140 05911 1.42502 —0.287
0.2311 143098 —0.203 0.6215 1.42454 —0.277
0.3083 142967 —0.248 0.6618 1.42390 —0.259
0.3514 142895 —0.270 0.7097 1.42314 —0.233
0.3917 1.42828 —0.283 0.7897 1.42189 —0.178
0.4314 142762 —0.291 0.8648 1.42073 —0.119
0.4691 142700 —0.296 0.9456 1.41948 —0.047
0.5026 1.42645 —0.299
(X)THP + (1 — x)2-Pentanone
0.0811 1.39011 —0.243 0.5449 1.40364 —0.994
0.1565 1.39223 —0.445 05933 1.40514 —0.983
0.2425 139468 —0.645 0.6252 1.40614 —0.967
0.3122 139668 —0.785 0.6681 1.40750 —0.932
0.3557 1.39796 —0.850 0.7080 1.40878 —0.882
0.4037 139937 —0.912 0.7915 1.41150 —0.729
0.4406 140047 —0.952 0.8776 1.41439 —0.489
0.4757 140153 —0.976 09411 1.41658 —0.261
0.5107 1.40259 —0.990
(X)THP + (1 — x)2-Heptanone

0.0855 1.40750 —0.358 0.5486 1.41198 —1.338
0.1588 140810 —0.623 0.5896 1.41246 —1.341
0.2375 140879 —0.865 0.6261 1.41291 —1.322
0.3113 1.40947 —1.051 0.6665 1.41343 —1.278
0.3532 140988 —1.134 0.7046 1.41393 —1.228
0.3936 141029 —1.206 0.7855 1.41507 —1.041
0.4287 141065 —1.254 0.8677 1.41633 —0.750
0.4658 141105 —1.296 0.9473 1.41768 —0.343

Table 4. Deviation of Experimental Volumetric Heat
Capacities Cp/V from Linear Behavior (Eq 2) at the
Temperature 298.15 K

ColV  102A(Cp/V) Co/V  102A(Cy/V)
x Jem 3K Jem3K?! x  Jem 3K Jem 3K

(X)THP + (1 — x)Cyclopentanone

0.0715  1.6979 —0.052 0.6258 1.5924 —0.163
0.1485  1.6830 —0.094 0.6965 1.5794 —0.135
0.2279  1.6677 —0.123 0.7770  1.5646 —0.100
0.3826  1.6383 —0.156 0.8588  1.5497 —0.044
0.4613  1.6233 —0.171 0.9378  1.5353 —0.001
0.5422  1.6080 —0.174
(X)THP + (1 — x)2-Pentanone
0.0611  1.6982 0.115 0.5376  1.6117 0.513
0.1398  1.6852 0.310 0.6153  1.5968 0.498
0.2219  1.6707 0.421 0.6980  1.5806 0.456
0.3029  1.6561 0.497 0.7772  1.5651 0.407
0.3789  1.6419 0.517 0.8503  1.5503 0.320
0.4570 1.6273 0.544 0.9311 1.5333 0.157
(X)THP + (1 — x)2-Heptanone

0.0687  1.7119 0.324 0.5449 1.6280 1.501
0.1469  1.6996 0.666 0.6288 1.6107 1.440
0.2226  1.6874 0.951 0.7034  1.5947 1.302
0.3113 1.6722 1224 0.7801 15767 1.090
0.3855  1.6591 1.392 0.8581 1.5585 0.811
0.4613  1.6450 1484 0.9388 1.5385 0.391

systems or among series of points in a given system that
have been measured separately.

Fits have been made by using a Redlich—Kister function
of the form

N
F=x1-xY A@x—1)" (3)

where F is either HE/J-mol~1, VE/cm3-mol~2, An, or A(C,/
V)/J-cm~3-K~L, The corresponding coefficients’ values and
standard deviations are shown in Table 5, whereas Figures

1a, 2a, 3a, and 4a plot the calculated curves together with
the experimental points. RE and CE have been determined
by combining VE coefficients with those of An and A(C,/
V), respectively. The resulting curves are displayed in
Figures 3b and 4b.

Following the suggestions of Desnoyers and Perron,” we
also plot the quantities HE/x(1 — x) and VE/x(1 — x) for
getting a better illustration about the origin of the non-
ideality and a better evaluation of the uncertainty in the
data at high and low mole fraction (Figures 1b and 2b).
Besides, these plots furnish an approximation to the partial
molar excess quantities at infinite dilution when no
measurement has been made in the dilute regions.

No literature values could be found for comparison with
our data.

Excess Molar Enthalpies. Excess enthalpies are posi-
tive and rather small, reflecting important negative con-
tributions that arise from unlike-pair interactions and that
are slightly outweighed by the positive contributions stem-
ming from the disruption of interactions in pure liquids.
Cohesion forces in pure compounds can be assessed by the
values of HE(x = 0.5) in binary mixtures with an inert
liquid. In Table 6 we compare the reduced dipole mo-
ments'819 of the studied monoethers and ketones with the
excess enthalpies of their equimolar mixtures with heptane.
Note that the sequences are identical:

THP < THF < 2-heptanone < 2-pentanone <
cyclohexanone < cyclopentanone

pointing out the relative importance of dipole—dipole
interactions in pure liquids. Let us confront such excess
enthalpies with the fact that HE < 160 J-mol~! in the
analyzed {THP + ketone} mixtures, which can only be
ascribed to a high degree of heteroassociation. Another
useful comparison results when considering the system
{THP + 1-heptanol}. Despite the non-negligible?® THP—
alkanol complexation by hydrogen bonding, the excess
enthalpy of the corresponding equimolar mixture® is 1054
J-mol~1, contrasted with 57 J-mol~1 for THP—heptanone.

Concerning the nature of the heteroassociation between
monoethers and ketones, some authors refer to a possible
enolization of the ketone and a subsequent formation of
complexes by hydrogen bonding between the enol form and
the ether in order to explain the excess properties of the
mixtures.?* Even if the enolization is neglected (the equi-
librium constant is usually very small), it is well-known
that ketones are weak acids because of the proton donor
ability of the hydrogen at the a-position. That also entails
the possibility of formation of ether-ketone complexes by
hydrogen bonding. However, the small excess enthalpies
encountered in monoether—ketone systems rather suggest
that A—A, B—B, and A—B interactions are of the same
nature and that the disruption and setting-up of dipolar
forces between like and unlike molecules, respectively,
might take place with equal probability during the mixing
process. An analogous example of unlike-pair interactions
having the same nature as the interactions in both pure
liquids is given by the mixing of two alkanols, which also
yields small HE values, despite involving specific forces.?526

The measured excess enthalpies appear to be higher than
those reported for solutions involving THF (studied in part
1 of this series).! However, cohesion forces are stronger in
pure THF than in pure THP, as inferred from Table 6,
meaning that monoether—ketone heteroassociation con-
tributes less to HE values in the case of THP, in both
absolute and relative terms. This can be ascribed, not only
to the lower reduced dipole moment of this molecule (with
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Table 5. Description of the Investigated Thermophysical Properties in Terms of Redlich—Kister Coefficients®

A1 AZ

A3 Ay S

(X)THP + (1 - x)Cyclohexanone

HE/J-mol~* 347.83 103.9 55.9 0.36
(X)THP + (1 - x)Cyclopentanone

HE/J-mol~?* 629.83 74.1 51.9 27.2 0.21
VE/ecm3-mol—t —0.2400 —0.0193 —0.053 —0.076 0.00084
An —0.001197 0.000032 0.00029 0.000001
RE/cm3-mol~t —0.03946 —0.00527 0.00120 —0.01836
A(Cp/V)[J-cm~3-K™1 —0.006982 —0.00098 0.00278 0.00706 0.000038
CE/J-moI*l-K*1 0.6338 —0.1308 0.1932 0.5546

(X)THP + (1 - x)2-Pentanone
HE/J-mol~* 363.95 119.3 56.8 0.45
VE/ecm3-mol—t 0.0454 0.0703 0.00051
An —0.003940 —0.000798 0.000003
RE/cm3-mol~1 —0.03106 —0.01491 0.00305
A(Cp/V)[J-cm~3-K™1 0.02135 —0.00096 0.0067 0.00018
CE/J-moI*l-K* 0.4661 —0.0904 0.6899 —0.0323

(X)THP + (1 - x)2-Heptanone
HE/J-mol~* 228.0 119.4 59.8 0.56
VE/cm3-mol~1 0.1749 0.0865 0.053 0.00069
An —0.005290 —0.001262 —0.00053 0.000002
RE&/cm8-mol~! —0.02095 0.00289 —0.00566 0.00643
A(Cp/V)/J-cm—3-K1 0.05984 0.00795 0.00013
CE/J-moI*LK*l —1.1515 —0.2080 —0.0937 —0.0081

a The standard deviation s is included for the fitted properties.

Table 6. Reduced!®® Dipole Moments i of the Pure
Liquids®P and Excess Enthalpies of Their Equimolar
Mixtures with Heptane

HE—05(A + C7)

compd i J-mol~t
tetrahydropyran 0.14 6072
tetrahydrofuran 0.17 8162
2-heptanone 0.17¢ 88620
2-pentanone 0.21¢ 11362
cyclohexanone 0.23 113922
cyclopentanone 0.244 125622

aBoth the dipole moments (measured in benzene) and the
critical constants needed for reduction (according to the expression
2 = uPP/[4meo(KsTc)?]) were taken from ref 11. P T = 298.15 K
unless otherwise indicated. ¢ T = 295.15 K. 9 Unspecified temper-
ature.

a lower ratio of —O— to —CH,— groups) but also to the fact
that THF is a more rigid and flat molecule than THP,
which increases its accessibility by the neighboring mol-
ecules.

The sequence of HE is governed by the disruption of
ketone—ketone pairs, in such a way that excess enthalpies
increase when the chain length of the (cyclic or linear)
ketone decreases, that is when the breaking of ketone—
ketone pairs is more energetic. We reported the same
behavior for { THF + ketone} mixtures at high ether mole
fraction, but not at low concentration of THF, where the
sequence of HE was governed by complexation.! Generally,
sequences of positive HE determined by the breaking of
interactions in pure solute indicate that positive and
negative contributions to HE vary in the series in a similar
way. On the contrary, sequences of positive HE determined
by the formation of A—B pairs denote that the negative
contributions to HE vary in the series much more than the
positive ones. Notice that this applies to the case where
the ether is regarded as the noncommon component of the
series. (See last paragraph.)

As shown in Table 6, 2-pentanone and cyclohexanone
have very similar reduced dipole moments, as well as
nearly identical values of HE(x = 0.5) when mixed with

heptane. Consequently, excess enthalpies in THP solutions
are also nearly identical, so the heteroassociation in these
mixtures appears to depend only on the dipole moments
of the molecules and not on their geometries. However,
such parallelism does not hold when going from THP to
THF,! meaning that the rigidity and shape of THF must
play a significant role in the setting-up of unlike-pair
interactions.

In Figure 1b, the crude extrapolations of HE/x(1 — x) to
x =0 and x = 1 clearly show that HE* < H5 in all cases.
The average slope of HE/x(1 — X) versus x curves, given by
the difference (H;® — H™), increases with the ketone
chain length. In other words, maxima of HE are shifted
toward higher ether mole fractions when going from
2-pentanone to 2-heptanone, or from cyclopentanone to
cyclohexanone. A similar trend is found in {cyclic ether +
alkane} systems?1213 when attention is focused on the
alkane chain length. On the contrary, when dealing with
THF solutions, ketones diverge from alkane behavior: the
average slope of HE/x(1 — x) versus x curves appears to be
less positive when increasing the ketone chain length.1.27
Let us now consider the evolution of the maxima of HE [or
slopes of HE/x(1 — x)] with the C-atom number of the ether.
In {monoether + ketone} mixtures, the slopes of HE/x(1 —
X) versus x curves become more positive when going from
THF! to THP, whereas they are identical within experi-
mental error if the same comparison is made in {monoether
+ alkane} systems.?

Refractive Indices and Excess Molar Refractions.
The equation that defines the molar refraction R = V
fL_L(n), where f__ is the Lorentz—Lorenz function (n? —
1)/(n2 + 2), can be rewritten in this illustrative form:

2— = —_—
n 1 y_l 4)
R

Visualizing R as the hard-core volume of 1 mol of mol-
ecules,12829 eq 4 shows that n2 — 1 is inversely proportional
to the reduced molar free volume (V — R)/R, that is, the
unoccupied part of the molar volume, expressed with the
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Figure 1. Plots of HE (a) and HE/x(1 — x) (b) at 298.15 K for {(x)-
THP + (1 — x)ketone} mixtures: O, 2-pentanone; <, 2-heptanone;
@, cyclopentanone; 4, cyclohexanone.

occupied volume R as unit. In that line, in part 1 of this
series! we compared the ratio V/R with other typical
approaches to the degree of free volume. (Concerning this
comparison we note an erratum in Table 7 of part 1: the
headings of the last three columns should be VIR, V/V giqory,
and V/V,, respectively.) From eq 4, the sequence of
decreasing reduced free volumes for the ketones and
monoethers concerned in this work is

2-pentanone > THF > 2-heptanone > THP >
cyclopentanone > cyclohexanone

In binary mixtures, the deviation of the reduced free
volume from ideality A[(V — R)/R] is given by?°

oo -

n2+2_xv1+(1—x)v2
-1 XR;+(1- R,

®)

and can thus be calculated from measurements of n and
properties of the pure components, without knowing the
density of the mixture. The A(V/R)—x plots for the analyzed
binary systems are included in Figure 2a and referred to
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Figure 2. Plots of VE (a) and VE/x(1 — x) (b) at 298.15 K for {(x)-
THP + (1 — x)ketone} mixtures: O, 2-pentanone; <, 2-heptanone;
@, cyclopentanone. In thick lines and refereed to the right axis in
part a: plot of A(V/R) calculated from eq 5. Labels 5, 7, and c5
stand for 2-pentanone, 2-heptanone, and cyclopentanone, respec-
tively.

its right axis. Note the good correlation between A(V/R)
and VE.

Figure 3a plots, referred to the axis on the right, the
deviation of refractive index from ideality calculated as?®

Ang=n—¢n; — (1 - ¢)n, (6)

where the ether volume fraction ¢ is defined in terms of
the premixing volumes of the components. As expected
from a differentiation of eq 4 to first order, A(V/R) and An,
correlate negatively fairly well, meaning that the changes
of refractive index and degree of free volume during a
mixing process are closely related.

As seen in Figure 3b, the excess molar refraction RE =
R — [xR; + (1 — X)R] is negative in all cases. This quantity
measures the change of the overall polarizability of a
system due to the disruption and creation of contacts on
mixing,2%3° so the results reveal a net decrease of polariz-
ability when mixing THP with the analyzed ketones. The
sequence is similar to that reported for {THF + ketone}
mixtures. On the other hand, the interpretation of R as a
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Figure 3. (a) Plot of An (eq 1) at 298.15 K for {(x)THP + (1 —
x)ketone} mixtures: O, 2-pentanone; <, 2-heptanone; ®, cyclo-
pentanone. In thick lines and refereed to the right axis: plot of
Ang calculated from eq 6. Labels 5, 7, and ¢5 stand for 2-pentanone,
2-heptanone, and cyclopentanone, respectively. (b) RE vs x curves,
calculated by using the Redlich—Kister coefficients of VE and An.

hard-core volume allows one to consider the difference V—R
as an approach to the free molar volume Vs and to define
an excess free molar volume VfE = VE — RE, Since |RE| <
[VE|, VfE follows the same sequence as VE. For the system
{THP + cyclopentanone} the net reduction of free volume
is smaller than the overall contraction on mixing: VE <
VfE < 0, whereas for {THP + 2-heptanone} V: increases
more than V during the mixing process: 0 < VE < VfE, and
the same applies to 2-pentanone mixtures in most parts of
the concentration range.

Excess Molar Volumes. The excess molar volumes in
the analyzed { THP + ketone} mixtures are very small and,
as in the case of excess enthalpies, more positive than those
reported for THF systems.! This trend was observed in
{monoether + 1-alkanol} mixtures’ as well and is in
accordance with the more globular shape of THP, which
does not allow the attractive unlike-pair interactions to
pack the molecules so efficiently as in THF solutions. It
also agrees with the lesser negative contributions to HE
from THP—ketone heteroassociation. To assess the role of

the heteroassociation in the volumetric behavior of the
studied systems, we propose to compare the values of VE(x
= 0.5) for binary mixtures of THP with heptane,® 1-hep-
tanol,” and 2-heptanone: 0.25, 0.11, and 0.044 cm3-mol~?1,
respectively. The same comparison made for THF mix-
tures37 gives 0.32, 0.08, and —0.029 cm3-mol~1. Neither
the differences in molecular sizes nor the differences in
degrees of free volume (V/R) between the liquid components
can explain the latter sequences. Again, only a high degree
of heteroassociation in ketone mixtures accounts for the
results.

The analysis of Figure 2 shows (i) the packing is favored
by a smaller hydrocarbon chain and (ii) the cyclization
effect is negative. The { THF + ketone} mixtures appeared
to follow an identical pattern.® At this point it is useful to
note that in {cyclic monoether + alkane} systems the cycli-
zation of the hydrocarbon increases the excess volume:3+4

0 < VE(hexane) < VE(heptane) < VE(cyclohexane)

This can be ascribed in part to the differences in molecular
sizes (V) and in degrees of free volume (V/R) between the
components, since such differences are larger when the
alkane is linear. In part 1 of this series we have noted that
the inversion of the latter sequence when going from
alkanes to ketones,

VE(cyclopentanone) < VE(2-pentanone)

could be explained in this way too (specifically, in terms of
differences in V/R). However, this type of reasoning does
not account for the inversion in the case of THP mixtures,
meaning that in both cases the strength of the unlike-pair
interactions must play an essential role in the magnitude
of VE. In fact, the comparison of the reduced dipole
moments of 2-pentanone and cyclopentanone (Table 6)
supports the idea of a stronger heteroassociation in cyclo-
pentanone mixtures.

The plot of VE/X(1 — x) versus x is almost linear for
2-pentanone, is slightly concave for 2-heptanone, and has
a more complicated behavior for cyclopentanone. From
Figure 2b, VE® and V5* are expected to differ signifi-
cantly in all cases. Crude extrapolations yield different
values of VE/x(1 — x) for THP at infinite dilution in the
analyzed ketones, indicating that the behavior of the ether
in the solvent bulk is influenced by the shape and nature
of the ketone.

Excess Molar Heat Capacities. As reported before for
{THF + ketone} mixtures,* the CE values of the systems
analyzed in this work are rather small too. This fact
suggests that the negative contributions to Cg arising
from destruction of dipolar order in pure THP and ketone
are of the same order of magnitude as the positive
contributions stemming from heteroassociation (creation
of order in the solution).

The alkane segments of the aliphatic ketones are affected
by an orientational order that is short-range in character3!
and is manifested in the solutions by the more negative
CE values in mixtures containing 2-heptanone than in
those containing 2-pentanone. Excess heat capacities of
{THF + linear ketone}* mixtures also reveal destruction
of orientational order. This is even evident when dealing
with smaller ketones. For example, for the systems {2-
butanone or 2-pentanone + benzene or + carbon tetrachlo-
ride}, Grolier et al.32 obtained more positive CE values in
the case of 2-butanone.

When going from {THF + 2-heptanone}! to {THP +
2-heptanone}, the CE values become more negative, in
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Figure 4. (a) Plot of A(Cp/V) (eq 2) at 298.15 K for {(X)THP + (1
— x)ketone} mixtures: O, 2-pentanone; <, 2-heptanone; @, cyclo-
pentanone. (b) CE Vs x curves, calculated by using the Redlich—
Kister coefficients of VE and A(Cp/V). Labels 5, 7, and ¢5 stand
for 2-pentanone, 2-heptanone, and cyclopentanone, respectively.

agreement with HE and VE data that suggest a decrease
in the degree of heteroassociation when the size of the cyclic
monoether is increased. The systems { THP + 2-pentanone
or cyclopentanone} appear to deviate from that trend.
However, bearing in mind the magnitude of the CE values
and the difficulty of their measurements, such a deviation
is within experimental uncertainties. Comparison of Fig-
ures 2a and 4b reveals that the sequence of CE and that of
A(VIR) (or VE) are reversed, as in the case of THF
solutions.® We note that the excess isobaric heat capacities
can be split into three different contributions:133

CF = AC, + A(ayVT) = AC} + ACy, + AlyVT) (7)

where AC, and A(ayVT) correspond to changes of energy
due to the increase of thermal motion and the increase of
thermal expansion, respectively.3! In eq 7, a. and y are the
thermal expansion coefficient and the thermal pressure
coefficient, respectively, C} stands for the contribution of
hindered translation and hindered rotation in the liquid
state (arising because the translational and rotational
degrees of freedom are not available as in the vapor state),

and Cgq, is the contribution due to cohesive forces that
depend on the structure of the liquid. It was shown that
C; has a tendency to decrease with increasing free vol-
ume,3334 so that AC;, can be supposed to have a substan-
tial weight in the excess isobaric heat capacities when the
sequences of A(V/R) and CE are reversed, as happens in
the analyzed { THP + ketone} mixtures.

Literature Cited

(1) Brocos, P.; Pifieiro, A; Bravo, R.; Amigo, A.; Roux, A. H.; Roux-
Desgranges, G. Thermodynamics of mixtures involving some
linear or cyclic ketones and cyclic ethers. 1. J. Chem. Eng. Data
2002, 47, 351—358.

(2) Castro, I.; Pintos, M.; Amigo, A.; Bravo, R.; Paz-Andrade, M. 1.
Excess enthalpies of (tetrahydrofuran or tetrahydropyran + an
n-alkane) at the temperature 298.15 K. J. Chem. Thermodyn.
1994, 26, 29—33.

(3) Pintos, M.; Amigo, A.; Bravo, R. Effect of alkane chain-length on
the excess volume of a binary mixture containing a cyclic ether.
J. Chem. Thermodyn. 1993, 25, 337—341.

(4) Brocos, P.; Amigo, A.; Pintos, M.; Calvo, E.; Bravo, R. Application
of the Prigogine-Flory-Patterson model to excess volumes of
tetrahydrofuran or tetrahydropyran with cyclohexane or toluene.
Thermochim. Acta 1996, 286, 297—306.

(5) Alonso, V.; Calvo, E.; Bravo, R.; Pintos, M.; Amigo, A. Thermo-
dynamic properties of tetrahydropyran + 1-alkanol mixtures. J.
Chem. Epg. Data 1994, 39, 926—928.

(6) Pifieiro, A.; Olvera, A.; Garcia-Miaja, G.; Costas, M. Excess molar
enthalpies of tetrahydrofuran or diisopropyl ether + 1-alkanols
at 298.15 K, using a newly designed flow mixing cell for an
isothermal microcalorimeter. J. Chem. Eng. Data 2001, 46, 1274—
1279.

(7) Amigo, A.; Bravo, R.; Pintos, M. Excess volumes of binary
mixtures containing cyclic ethers + alkanols at 298.15 K. J. Chem.
Eng. Data 1993, 38, 141—142.

(8) Letcher, T. M.; Goldon, A. The excess molar volumes of (n-
butylamine + an ether) at the temperature 298.15 K and the
application of the ERAS model. Fluid Phase Equilib. 1996, 114,
147-159.

(9) Brocos, P.; Calvo, E.; Bravo, R.; Pintos, M.; Amigo, A.; Roux, A.

H.; Roux-Desgranges, G. Heat capacities, excess enthalpies, and

volumes of mixtures containing cyclic ethers. 3. J. Chem. Eng.

Data 1999, 44, 67—72.

Inglese, A.; Grolier, J.-P. E.; Wilhelm, E. Excess volumes and

excess heat capacities of oxane + cyclohexane and 1,4-dioxane +

cyclohexane. Fluid Phase Equilib. 1984, 15, 287—294.

(11) Riddick, J. A., Bunger, W. B., Sakano, T. K., Eds. Organic

Solvents; Wiley-Interscience: New York, 1986.

Calvo, E.; Brocos, P.; Bravo, R.; Pintos, M.; Amigo, A.; Roux, A.

H.; Roux-Desgranges, G. Heat capacities, excess enthalpies, and

volumes of mixtures containing cyclic ethers. 1. J. Chem. Eng.

Data 1998, 43, 105—111.

Brocos, P.; Calvo, E.; Amigo, A.; Bravo, R.; Pintos, M.; Roux, A.

H.; Roux-Desgranges, G. Heat capacities, excess enthalpies, and

volumes of mixtures containing cyclic ethers. 2. 3. Chem. Eng.

Data 1998, 43, 112—116. 3

Brocos, P.; Calvo, E.; Pifieiro, A.; Bravo, R.; Amigo, A.; Roux, A.

H.; Roux-Desgranges, G. Heat capacities, excess enthalpies, and

volumes of mixtures containing cyclic ethers. 5. 3. Chem. Eng.

Data 199,9, 44, 1341-1347.

Pifieiro, A.; Brocos, P.; Amigo, A.; Pintos, M.; Bravo, R. Surface

tensions and refractive indices of (tetrahydrofuran + n-alkanes)

at T = 298.15 K. J. Chem. Thermodyn. 1999, 31, 931-942.

(16) Pifeiro, A.; Brocos, P.; Amigo, A.; Pintos, M.; Bravo, R. Prediction

of excess volumes and excess surface tensions from experimental
refractive indices. Phys. Chem. Liq. 2000, 38, 251—260.
Desnoyers, J. E.; Perron, G. Treatment of excess thermodynamic
quantities for liquid mixtures. J. Solution Chem. 1997, 26, 749—
755.
Rowlinson, J. S.; Swinton, F. L. Liquids and Liquid Mixtures;
Butterworth: London, 1982; p 272.
(19) Roux, A. H.; Wilhelm, E. Excess molar enthalpies of several binary
liquid mixtures containing either phenylmethyl ether (anisole)
or benzaldehyde and an aromatic. Thermochim. Acta 2002, 391,
129-135.

(20) Benson, G. C.; Handa, Y. P. Excess enthalpy. Int. DATA Ser., Sel.
Data Mixtures, Ser. A 1980, 1, 81.

(21) Benson, G. C.; Handa, Y. P. Excess enthalpy. Int. DATA Ser., Sel.
Data Mixtures, Ser. A 1980, 1, 73.

(22) Mahl, B. S.; Kaur, H. Excess thermodynamic properties of binary

mixtures of n-alkanes with cycloalkanones. Thermochim. Acta

1987, 112, 351—364. 3

Calvo, E.; Brocos, P.; Pifieiro, A.; Pintos, M.; Amigo, A.; Bravo,

R.; Roux, A. H.; Roux-Desgranges, G. Heat capacities, excess

(10

N

(12

—

a3

N

(14

=

(15

-

a7

—

(18

~

(23

~



(24)

(25)

(26)

@7

(28)
(29)

Journal of Chemical and Engineering Data, Vol. 48, No. 3, 2003 719

enthalpies, and volumes of mixtures containing cyclic ethers. 4.
J. Chem. Eng. Data 1999, 44, 948—954.

Ratkovics, F.; Laszlo-Parragi, M. Some characteristic properties
of cyclohexanone + tetrahydrofuran mixtures. Magy. Kem. Foly.
1984, 90, 28—33.

Nagata, I. Prediction of heats of mixing for ternary alcohols-
saturated hydrocarbon mixtures. J. Chem. Eng. Data 1975, 20,
110—113,

Pifieiro, A.; Amigo, A.; Bravo, R.; Brocos, P. Reexamination and
symmetrization of the adjustable parameters of the ERAS model.
Review on its formulation and application. Fluid Phase Equilib.
2000, 173, 213—241.

Marongiu, B.; Delitala, C.; Pittau, B.; Porcedda, S. DISQUAC
predictions on excess enthalpies of the ternary mixture: cyclo-
hexane + propanone + tetrahydrofuran. Fluid Phase Equilib.
1995, 109, 67—81.

Glasstone, S. Textbook of Physical Chemistry; D. Van Nostrand
Company: London, 1946; Chapter 8.

Brocos, P.; Pifieiro, A.; Bravo, R.; Amigo, A. Refractive indices,
molar volumes and molar refractions of binary liquid mixtures:
concepts and correlations. Phys. Chem. Chem. Phys. 2003, 5, 550—
557.

(30)
@1

(32)

(33)

(34)

Aminabhavi, T. M.; Munk, P. Macromolecules 1979, 12, 1186—
1194.

Bhattacharyya, S. N.; Costas, M.; Patterson, D.; Tra, H.-V.
Thermodynamics of mixtures containing alkanes. Fluid Phase
Equilib. 1985, 20, 27—45.

Grolier, J.-P. E.; Benson, G. C.; Picker, P. Simultaneous measure-
ments of heat capacities and densities of organic liquid mixtures.
Systems containing ketones. J. Chem. Eng. Data 1975, 20, 243—
246.

Deshpande, D. D.; Bhatgadde, L. G. Heat capacities at constant
volume, free volumes, and rotational freedom in some liquids.
Aust. J. Chem. 1971, 24, 1817—1822.

Riedl, B.; Delmas, G. Excess heat capacities and excess volumes
of tetraalkyltin compounds: SnR,4 + SnR';. Effect of correlations
of molecular orientations and steric hindrance. 1. Can. J. Chem.
1984, 62, 1008—1015.

Received for review November 21, 2002. Accepted February 12,
2003.

JE025649T



