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Molar Excess Volumes and Molar Excess Enthalpies of Binary
Liguid Mixtures of Norbornadiene + Benzene, + Cyclohexane, +
Decane, and + Carbon Tetrachloride

B. S. Bjola," M. A. Siddiqi,* U. Fornefeld-Schwarz, and P. Svejda*

Institut fur Thermo- und Fluiddynamik, Ruhr-Universitat Bochum, D-44780 Bochum, Germany

For the binary liquid mixtures of norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) + benzene, + cyclohexane,
+ decane, or + carbon tetrachloride, the molar excess volumes were determined from density measure-
ments by means of a vibrating glass tube densimeter at 293.15 K and 313.15 K, and the molar excess
enthalpies were measured by means of a flow microcalorimeter of Picker type at 293.15 K. All
measurements were performed at atmospheric pressure.

Introduction

Norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) is well-
known as an important intermediate for organic and
polymer synthesis,! which exhibits a high chemical reactiv-
ity because of the presence of the double bonds and the
large ring strain.? Very promising technological applica-
tions of norbornadiene were found in the last years for solar
energy storage® or plant growth regulators.* However,
despite its potential, thermodynamic data for norborna-
diene and its mixtures are scarce. As far as we are aware,
no measurements of excess enthalpies or excess volumes
for systems containing norbornadiene have been reported
in the past.

This work continues systematic investigations concern-
ing the excess properties of different types of nonelectrolyte
mixtures,>® which will provide the necessary data for
improving predictive group theories. For that purpose,
norbornadiene offers some special reasons for a study of
the excess properties of its binary mixtures: the nonplanar
bicyclic structure’ (Figure 1), the small dipole moment®
accompanied by a significant quadrupole moment,® and the
electron delocalization due to the strain-induced overlap
of the & orbitals.® It is expected that both intermolecular
interactions and steric factors will have a notable influence
on the measured excess properties of its mixtures.

Experimental Section

Norbornadiene [Sigma-Aldrich Chemie, Steinheim, Ger-
many, inhibited with =0.02—0.10% butylhydroxytoluene
(BHT)], carbon tetrachloride (J. T. Baker Chemicals B.V.,
Deventer, The Netherlands), benzene (Sigma-Aldrich Che-
mie Steinheim, Germany), cyclohexane (J. T. Baker Chemi-
cals B.V., Deventer, The Netherlands), and decane (Acros,
Geel, Belgium) with stated purities of better than (98, 99,
99.9, 99, and 99) mol % were stored over a molecular sieve
(0.4 nm, J. T. Baker Chemicals B.V., Deventer, The
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Figure 1. Chemical structure of norbornadiene.

Netherlands, activated at 573 K for more than 12 h under
vacuum prior to use). The drying of the chemicals was
performed with a molecular sieve in the vapor phase,
except for benzene and carbon tetrachloride, where it was
carried out in the liquid phase. The purity of the chemicals
was checked by gas chromatography, as described in a
previous work,® and was found to be 99.9 mol % for
norbornadiene, 99.99 mol % for benzene, 99.89 mol % for
cyclohexane, 99.9 mol % for decane, and 99.99 mol % for
carbon tetrachloride. All liquids were thoroughly degassed
in a vacuum prior to use.

In Table 1, the measured densities p of the pure
compounds are compared with literature data. Relative
atomic masses,?? A((H) = 1.007 95, A(C) = 12.011, and A,-
(Cl) = 35.4528, were used for the calculation of the molar
volumes from densities.

Table 1. Density p of Pure Components at Atmospheric
Pressure Compared with Literature Values

plg-cm=3
component T/K  this work literature
norbornadiene 293.15 0.906 74 0.906 411
313.15 0.886 00
benzene 293.15 0.87907 0.879 00,120.879 0113
313.15 0.85750 0.857 41,140.857 5713
cyclohexane 293.15 0.77849 0.778 49,150.778 5512
313.15 0.759 46 0.759 39,16 0.759 5617
decane 293.15 0.72991 0.729 91,50.729 9518

313.15 0.71470 0.71469,190.714 7618
carbon tetrachloride 293.15 1.59420 1.594 17,201.594 102!
313.15 1.55522 1.55522,151,555 1522

The molar excess volumes VE were calculated from the
precise densities of the liquids which were measured by
means of a vibrating glass tube densimeter (DMA 02 D,
Chempro Paar, Germany) at 293.15 K or 313.15 K and
atmospheric pressure. The preparation of the samples
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Table 2. Densities p and Molar Excess Volumes VE of Binary Liquid Mixtures with Norbornadiene as One Component at
Temperatures of 293.15 K or 313.15 K and Atmospheric Pressure

293.15 K 313.15 K
ol VE/ ol VE/ ol VE/ ol VE/
X1 g-cm=3  cm3-mol—t X1 g-cm=3  cm3-mol—t X1 g:cm=3  cm3mol—?! X1 g-em=3  cm3-mol-?t
Norbornadiene (1) + Benzene (2)
0.03559 0.879 94 0.026  0.426 68 0.89051 0.136  0.03559 0.858 46 0.021  0.54888 0.87291 0.130
0.10524 0.88178 0.059 0.48798 0.89220 0.139 0.16524 0.86204 0.077 0.61898 0.87494 0.122
0.137 54 0.88261 0.075 0.509 47 0.892 80 0.139 0.24305 0.864 17 0.106 0.659 06 0.876 09 0.116
0.14223 0.88273 0.077 0.55158 0.89398 0.136  0.37543 0.867 95 0.127  0.75994 0.87903 0.091
0.148 18 0.882 89 0.080 0.61898 0.89592 0.122  0.426 68 0.869 41 0.132  0.85687 0.88188 0.056
0.159 24 0.883 20 0.082 0.694 11 0.898 04 0.109 0.466 91 0.87053 0.136 0.911 07 0.883 40 0.042
0.243 03 0.885 46 0.108 0.75994 0.899 91 0.092 0.50899 0.87177 0.132
0.28194 0.886 50 0.119 0.83260 0.90199 0.067
0.36385 0.88875 0.133  0.84473 0.902 32 0.065
Norbornadiene (1) + Cyclohexane (2)
0.08958 0.788 60 0.102 0.438 74 0.830 62 0.278 0.08958 0.769 44 0.102 0.49269 0.81759 0.290
0.10251 0.790 09 0.114 0.49269 0.837 44 0.283 0.10251 0.770 92 0.114 0.507 81 0.81954 0.284
0.178 48 0.798 92 0.176  0.53932 0.84351 0.269 0.17848 0.77962 0.178 0.53932 0.82350 0.287
0.207 53 0.802 33 0.199 0.62006 0.85400 0.260 0.20753 0.78300 0.199 0.62006 0.83396 0.262
0.247 16 0.807 03 0.224 0.744 49 0.87063 0.214 0.247 16 0.787 59 0.231 0.744 49 0.850 42 0.211
0.35720 0.82050 0.257 0.81946 0.880091 0.172  0.35720 0.80079 0.276  0.78351 0.85570 0.187
0.37508 0.82270 0.263  0.85347 0.88568 0.146 0.37508 0.80303 0.273  0.85650 0.86578 0.128
0.39458 0.82511 0.269 0.961 88 0.901 18 0.042 0.39458 0.80543 0.275 0.961 88 0.88052 0.042
0.416 97 0.82791 0.272 0.43874 0.81083 0.289
Norbornadiene (1) + Decane (2)
0.03973 0.73346 0.047  0.49702 0.78813 0.358 0.03973 0.718 06 0.073  0.49025 0.769 95 0.403
0.04450 0.73390 0.052 0.53383 0.79409 0.351  0.10135 0.72357 0.173 058932 0.78611 0.360
0.10135 0.739 24 0.123 0.589 32 0.803 66 0.335 0.18831 0.73208 0.280 0.65089 0.797 36 0.320
0.17298 0.746 46 0.199 0.59683 0.80501 0.333  0.23231 0.73672 0.327 0.66255 0.79961 0.311
0.18831 0.748 10 0.211 0.65089 0.81526 0.297 0.27909 0.74197 0.359 0.78424 0.82549 0.213
0.23231 0.752 90 0.253 0.66255 0.817 56 0.291 0.391 00 0.75585 0.402 0.828 95 0.836 37 0.161
0.27909 0.758 30 0.290 0.77387 0.84184 0.202 0.420 80 0.759 86 0.412 0.90340 0.856 22 0.089
0.366 39 0.769 25 0.337  0.82895 0.85548 0.153
0.42080 0.776 72 0.354  0.90340 0.876 00 0.081
0.490 25 0.787 05 0.361
Norbornadiene (1) + Carbon Tetrachloride (2)
0.03751 1.567 63 —0.034 0.47156 1.263 67 —0.198 0.04060 1.52712 —0.027 0.47156 1.23332 —0.169
0.04061 1.56533  —0.030 0.47407 126188 —0.194 0.07724 150182 —0.049 050848 1.20849 —0.163
0.07724 153941  —-0.058 049646 124652 —0.200 0.07742 150178 —0.055 052095 120015 —0.163
0.07742 1.539 27 —0.057 0.50848 1.23821 —0.197 0.10386 1.48351 —0.066 0.596 63 1.149 65 —0.155
0.12945 150261  —0.097 052095 1.22964 —0.198 0.18381 1.42866 —0.110 0.68673 1.08991 —0.134
0.18381 1.46430 —-0.126 059663 117774 —0.188 0.22421 140103 -—0.127 0.71668 107019 —0.128
0.23058 1.43139 —0.145 0.63118 1.154 16 —0.182 0.29946 1.34964 —0.145 0.74055 1.054 49 —0.120
0.264 52 1.407 57 —0.155 0.63448 1.15184 —0.175 0.32179 1.33445 —0.149 0.784 24 1.02587 —0.108
0.26931 1.40431 -0.164 068673 111638 —0.168 0.35636 1.31100 —0.156 0.83948 0.98981  —0.087
0.29946 138316 —0.169 0.70106 1.10666 —0.162 0.35654 131095 —0.161 0.86967 0.97017 —0.073
0.32179 1.367 56 —-0.174 0.716 68 1.096 08 —0.157 0.442 30 1.25298 —0.167
0.35636 1.34352 —0.186 0.74055 1.07990 —0.144
0.35655 1.34335 —0.183 0.78424 105041  —0.123
0.39941 1.31358 —0.191 0.83948 1.01340 —0.101
0.40449 1.31005 —0.192 0.86967 0.99322  —0.086
0.44230 1.28385 —0.194 092383 095715 —0.053
0.46422 1.26868 —0.194 094811 094102 —0.034

(from carefully degassed liquids, under vacuum, with vapor
space correction), their transfer to the vibrating tube
(without losses by evaporation or contact to air), and the
experimental setup (like measurement and control of the
temperature) have been described in a previous paper.?*
In summary, the following uncertainties were found: +0.003
K for the temperature; 3 x 107° for the final mole fractions;
2 x 1075g-cm—3at293.15 Kand 1 x 1074 g-cm~2 at 313.15
K for the density, with a reproducibility of 3 x 107¢ g-cm~—3
at both temperatures; 0.003 cm3-mol~* for the molar excess
volumes at about equimolar composition.

The molar excess enthalpies HE were measured with a
dynamic flow calorimeter of Picker type (Setaram, France)
at 293.15 K and at atmospheric pressure, as described in
detail elsewhere.?> The composition of each mixture was
determined by its density,® which was measured in a
thermostatically controlled flow densimeter (DMA 602,
Chempro Paar, Germany) connected in series immediately

behind the calorimeter. From these densities and the
measured excess volumes of the systems, the mole fraction
of the mixture could be calculated to an estimated uncer-
tainty of £0.0001. The calorimeter was thermostated to +
0.03 K or better and controlled by calibrated Pt-100
thermoresistors. It was checked routinely by measurements
on the system benzene + cyclohexane, and the agreement
with these literature data® was found to be within less than
1% over the central range of the concentration. The
reproducibility of the HE data, even at low concentration
ranges, appeared to be better by about 1 order of magni-
tude, as can be noticed on the figures. All points were taken
at several different days and still show only little scatter
about the fitting curve.

Results

The experimental values of the molar excess volume VE
and molar excess enthalpies HE are presented in Tables 2
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Table 3. Molar Excess Enthalpies HE of Binary Liquid
Mixtures with Norbornadiene as One Component at
293.15 K and Atmospheric Pressure

X1 HE&/J-mol 1 X1 HE&/J-mol ! X1 HE&/J-mol !
Norbornadiene (1) + Benzene (2)
0.0222 23.1 0.3112 211.3 0.6859 198.1
0.0506 49.9 0.3262 217.7 0.6958 193.9
0.0634 61.1 0.3852 230.9 0.7213 184.6

0.0853 78.3 0.4164 236.5 0.7627 162.2
0.1302 115.3 0.4469 238.8 0.7963 146.1
0.1361 117.3 0.4857 238.5 0.8425 116.4
0.1553 132.1 0.5141 239.0 0.8671 101.8

0.1874 151.3 0.5633 232.3 0.9142 67.5

0.2392 179.9 0.5976 226.6 0.9401 48.2

0.2586 190.1 0.6321 217.9 0.9627 30.4
Norbornadiene (1) + Cyclohexane (2)

0.0437 49.7 0.3913 268.8 0.7726 194.2

0.0694 76.0 0.4276 277.4 0.8060 172.1

0.0967 101.9 0.4394 278.3 0.8506 137.9
0.1330 133.3 0.4895 278.9 0.8713 124.1
0.1484 146.5 0.5600 273.9 0.8722 121.0
0.1841 173.7 0.5705 272.8 0.8831 111.5

0.2273 203.3 0.6046 265.7 0.9055 91.1
0.2548 218.9 0.6609 247.6 0.9334 67.6
0.2805 231.8 0.6981 234.1 0.9706 28.8

0.3269 249.3 0.7473 209.2
0.3340 253.0 0.7632 200.2

Norbornadiene (1) + Decane (2)
0.0462 103.2 0.2890 434.6 0.6619 399.6
0.0703 151.2 0.3399 462.0 0.7239 352.8
0.0946 197.0 0.4020 478.7 0.7695 307.8
0.1375 270.1 0.4485 487.1 0.8163 252.8
0.1605 299.7 0.4500 486.2 0.8837 171.7
0.1970 349.0 0.5002 474.9 0.9414 91.4
0.2115 368.4 0.5559 457.9
0.2488 399.2 0.6385 416.3

Norbornadiene (1) + Carbon Tetrachloride (2)

0.0402 —33.0 0.2429 —159.1 0.6378 —1915
0.0409 —34.2 0.2776 —173.0 0.6747 —180.4
0.0691 —56.8 0.3163 —187.0 0.7266 —163.3
0.0991 —77.6 0.3622 —198.8 0.7671 —146.5
0.1344 —100.4 0.3927 —204.6 0.8069 —1254
0.1570 —115.6 0.4476 —210.8 0.8447 —105.3
0.1844 —131.0 0.4953 —212.6 0.8912 —75.6
0.1844 —130.2 0.5065 —211.4 0.9214 —56.1
0.2067 —142.8 0.5680 —204.3 0.9591 —29.6

and 3, respectively, at various mole fractions x; of the
mixtures. All of the measured excess properties have been
fitted to Redlich—Kister-type polynomials

K
ZcEalc = XXy Y Ai(Xy — Xy)' 1)

where ZE = VE or HE,
The coefficients A; are summarized in Table 4 together
with the standard deviation o, defined as

02 Z[ZE anlc 2/(N - m) (2)

where ZE is the experimental excess property, N is the
number of data points, and m is the number of coefficients
A, and the maximum deviation o is

0 =max |25 — z5,| 3)

The coefficients A; and the deviations ¢ and 0 are given in
the same units as the corresponding excess properties.
Discussion

The molar excess volumes of the investigated systems
are shown in Figure 2. The corresponding Redlich—Kister
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Figure 2. Molar excess volume VE versus mole fraction x; of the
binary liquid mixtures of norbornadiene (1): (+) + benzene (2),
(a) + cyclohexane (2), (©) + decane (2), or (O) + carbon tetrachlo-
ride (2) at (a) 293.15 K or (b) 313.15 K and atmospheric pressure.

Table 4. Coefficients Aj and Standard (¢) and Maximum
(0) Deviations of the Redlich—Kister Equation (Eq 1) for
the Experimental Excess Data at Temperature T

excess property T/K Ao Aq A, o o]
Norbornadiene (1) + Benzene (2)

VE/cm3-mol-1 293.15 0.551  —0.095 0.002 0.004

VE/cm3-mol~! 313.15 0.532 —0.064 0.002 0.003

HE&/J-mol-1 293.15 9574 —87.6 —28.9 0.9 1.4

Norbornadiene (1) + Cyclohexane (2)
VE/cm3-mol-1 293.15 1.108 —0.05 0.179 0.003 0.006
VE/cm3-mol-1 313.15 1.152  —-0.113 0.003 0.006
HE&/J-mol~* 293.15 1123.3 —48.2 11 21

Norbornadiene (1) + Decane (2)
VE/cm3-mol-1 293.15 1.432 —0.233 —0.477 0.002 0.004
VE/cm3-mol-1 313.15 1595 —0.534 —0.208 0.003 0.006

HE/J-mol~* 293.15 19125  —409.7 1131 23 38
Norbornadiene (1) + Carbon Tetrachloride (2)
VE/cm3-mol~! 293.15 -0.787 0.055 0.002 0.005
VE/ecm3-mol~-* 313.15 —0.665 0.073 0.003 0.003
HE/J-mol—t 293.15 —847.0 52.2 275 07 17

plots are almost symmetrical. The mixture of norborna-
diene + carbon tetrachloride exhibits only negative VE
values with minima of =—0.2 cm3-mol~! at 293.15 K and
—0.16 cm3-mol~t at 313.15 K. The other three systems show
positive molar excess volumes in the entire concentration
range. The maximum values rise in the sequence benzene
< cyclohexane < decane. Except for the mixture with
benzene, in the other systems the values at the extrema
rise with temperature.

The measured molar excess enthalpies are plotted in
Figure 3 and exhibit shapes similar to those of the VE vs
Xz curves. Also the molar excess enthalpies of the system
norbornadiene + carbon tetrachloride are negative, with
a minimum of about —200 J-mol~1. The HE curves of the
other three systems show positive values throughout the
concentration range, and the maximum value increases
from about 230 J-mol~ up to almost 500 J-mol~1, in the
same sequence as the VE: benzene < cyclohexane < decane.

Positive values of VE and of HE for the system norbor-
nadiene + benzene indicate that a structural order in the
pure liquids is broken by the mixing process without being
compensated by strong interactions between norbornadiene
and benzene molecules. Apparently, both molecules, al-
though being fairly polar, are hindered sterically to reach
an optimal fit for a strong attraction. This is further
supported by the results for cyclohexane as a mixing
partner. Both systems behave very similarly, obviously only
the ring structures of benzene and of cyclohexane have an
influence on the excess properties. Larger excess values of
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Figure 3. Molar excess enthalpy HE versus mole fraction x; of
the binary liquid mixtures of norbornadiene (1): (+) + benzene
(2), (») + cyclohexane (2), (¢) + decane (2), or (O) + carbon
tetrachloride (2) at 293.15 K and atmospheric pressure.

mixtures with decane are well-known from many systems,
they stem from the large surfaces of linear alkanes by
which they interact with other molecules.

However, the negative values of VE and of HE for the
system norbornadiene + carbon tetrachloride show that
strong attractive interactions are possible, if a small
molecule like CCl, is not sterically hindered to approach
the polar norbornadiene molecule in an optimal way. This
would explain the negative excess volumes and the exo-
thermal excess enthalpies observed in this system.
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