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Abstract 

Excess molar heat capacities CF were determined at 298.15 K for the following thirteen 
mixtures with 1,1,2-trichlorotrifluoroethane (F113): +acetone (ACT), +dipropyl ether 
(DPE), +diisopropyl ether (DIPE), +methyl t-butyl ether (MTBE), +tetrahydrofuran 
(THF), -i-1,4-dioxane (DIOX), +methyl acetate (MAC), +benzene (BENZ), +cyclo- 
hexane (cC6), -t-n-hexane (nC6), +2,2_dimethylbutane (22DMB), +n-heptane (nC7) and 
+2,4_dimethylpentane (24DMP). Excess molar volumes YE at 298.15 K were also 
measured for the following mixtures: F113 + DPE, +MTBE, +DIOX, +BENZ, +cC6, 
+22DMB, inC7 and +24DMP. YE data for the remaining five mixtures (those with ACT, 
DIPE, THF, MAC and nC6) were previously reported. The C,” for all oxygenated solvents 
is positive, whereas for the equal-st~cture hydrocarbon solvents (taken as homomo~hs) it 
is almost zero or negative. This is interpreted in terms of the formation of an 
FllIoxygenated compound complex in the solution. Further support for the existence of 
this complex is given by VE, which for the oxygenated solvents is always smaller than for 
the hydrocarbon compounds. The use of the homomorphs indicated that (i) the asymmetry 
of the CF curves for F113 + DPE, +DIPE and +MTBE finds its origin in the physical 
contributions to CF rather than in the presence of the complex, and (ii) the most probable 
stoichiometry of the complexes is 1: 1 for MTBE, DPE and DIPE, while for DIOX the 
2: 1 complex is also present. The F113-oxygenated solvent complex is probably formed 
through a charge transfer mechanism and it is energetically weak (enthalpy of formation 
2-3 kJ mol-‘). 

INTRODUCTION 

Mixtures of Freons with several types of solvents are of interest for at 
least two reasons. From the ecological point of view, there is an urgent 
need to reduce the extensive use of pure Freons in many industrial 
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processes via their substitution by suitable mixtures with common, readily 
available, solvents. On the other hand, the detailed study of these kinds of 
mixtures can enhance our current understanding of solutions where 
specific molecular interactions lead to the formation of complexes in 
soiution. For both purposes the acquisition of thermodynamic data is of 
importance. Within the framework of a long term project involving 
haloalkane-containing mixtures, we have previously reported and dis- 
cussed vapor-liquid equilibria [l], limiting activity coefficients [2] and 
excess molar enthalpies [3] for 1,1,2-trichlorotrifluoroethane (Freon 113) 
mixed with several oxygenated and hydrocarbon solvents. These data gave 
some indications of the existence of weak specific interactions between 
Freon 123 and the oxygenated solvents, indicating that Freon 113 is not a 
completely inert solvent. This conclusion obtained further support when 
thermodynamic data for Freon 113 f methanol was analysed in the 
framework of several association models in which solvation was either 
taken into account or considered absent [4]. In this work, we further test 
the hypothesis of the existence of Freon 123-oxygenated solvent com- 
plexes through the measurement of heat capacity data. This property has 
been shown for many mixtures [5-7) to be a very useful structure 
indicator and, in particular, it is highly sensitive to the formation of 
complexes or self-associated species in solution. In order to make a more 
complete qualitative analysis of these data, we have also measured heat 
capacities for Freon 113 mixed with several hydrocarbons having chemical 
structure identical to that of the oxygenated compounds. These “equal- 
structure” hydrocarbons, when taken as homomorphs of the oxygenated 
solvents, allowed us to study the effect that the substitution of a 
methylene by an oxygen atom has on the behaviour of the excess molar 
heat capacities. 

EXPERIMENTAL 

All materials were obtained either from Aldrich Chemical Co. or 
Merck Chemical Co. with stated purities between 99 and 99.99 mol.% 
with the exception of 2,Zdimethylbutane, whose purity was 98 mol.%. All 
chemicals were used without further purification; however, before each 
experiment the liquids were partially degassed. 

Excess molar heat capacities CF were determined at 298.15 K using a 
Picker flow microcalorimeter (Sodev Inc., Sherbrooke, Canada) for the 
following thirteen mixtures: 1 ,1,2-trichlorot~~uoroethane fF113) + 
acetone (ACT), +dipropyl ether (DPE), fdiisopropyl ether (DIPE), 
+methyl t-butyl ether (MT3E), + tetrahydrofur~ (THF), + 1,4-dioxane 
(DIOX), -t-methyl acetate (MAC), fbenzene (BENZ), +cyclohexane 
(cC6), +n-hexane (nC6), +2,2-dimethylbutane (22DMB), fn-heptane 
(nC7) and +2,4_dimethylpentane (24DMP). The procedures used were 
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TABLE 1 

Molar heat capacities for pure components at 298.15 K taken from ref. 10 a 

Liquid C, Liquid Cp 
(J K-’ mol-‘) (J K-’ mol-‘) 

Liquid CP 
(J K-’ mol-‘) 

ACT 126.9 DIOX 151.3 nC6 195.7 

DPE 221.5 MAC 141.3 22DMB 189.2 

DIPE 216.1 BENZ 135.9 nC7 223.9 
MTBE 187.5 CC6 156.1 24DMP 224.3 
THF 124.1 

a For abbreviations of compounds, see text. 

those described in detail in the literature [8,9]. The calorimeter was 
operated in the stepwise mode: the difference in volumetric heat capacity 
between successive solutions was measured, proceeding through the 
concentration range from one pure liquid to the other. For all systems the 
oxygenated or the hydrocarbon solvent was used as the reference liquid. 
Molar heat capacities for the pure liquids are shown in Table 1. The 
volumetric heat capacities were transformed to the molar basis through 
solution densities obtained here with a vibrating-tube densimeter (Sodev 
Inc.) or previously [l] with a pycnometer. The error in the Cz determina- 
tion is estimated to be less than 2%. 

The measured densities were also used to calculate excess molar 
volumes VE at 298.15 K for the following mixtures: F113 + DPE, 
+MTBE, +DIOX, +BENZ, +cC6, +22DMB, +nC7 and +24DMP. VE 
data for the remaining five mixtures (those with ACT, DIPE, THF, MAC 
and nC6) were previously reported in ref. 1. For every mixture, the 
densimeter was calibrated using the densities of the pure components. The 
density measurements were reproducible to f 1 x 10V5 cme3. The total 
uncertainty in VE is estimated to be less than 0.01 crne3 mol-‘. 

RESULTS AND DISCUSSION 

The experimental values of the excess molar heat capacities are given in 
Table 2 and plotted against mole fraction of F113 (component 1) in Figs. 1 
and 2. The excess molar volumes are reported in TabIe 3 and shown in 
Fig. 3. For each mixture, the rest&s were correlated with the Redlich- 
Kister equations 

CF (J K-’ mol-‘) =x,(1 -x1) 2 Ai(2x, - l)i (1) 
i=O 

VE (cm3 mol-‘) = X,(1 - Xl) 5 Bi(ti1 - l)i (2) 
i=o 

whose parameters Ai and &, along with the standard deviations s(CF) and 
s(V”), are given in Tables 4 and 5. These parameters were evaluated by 
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TABLE 2 
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Experimental excess molar heat capacities CE at 298.15 K ’ 

Xl ;g1 Xl 

mol-‘) gFK-’ mol-‘) 

F123 (1) + ACT (2) 
0.1058 2.87 
0.2534 4.74 
0.4168 5.03 
0.5106 4.79 

F113 (1) + DPE (2) 
0.1412 0.77 
0.2303 0.81 
0.3167 0.72 
0.3988 0.46 

F113 (1) f DIPE (2) 
0.1011 0.80 
0.2468 1.60 
0.3967 1.74 
0.4907 1.53 

Fll3 (1) + MTBE (2) 
0.1024 1.27 
0.2488 2.42 
0.3958 2.87 
0.4982 2.83 

F113 (1) + THF (2) 
0.0986 2.78 
0.2454 5.50 
0.3934 6.49 
0.4969 6.40 

FZ13 (I) + DIOX (2) 
0.0991 1.76 
0.2464 3.85 
0.4022 4.89 
0.5003 4.97 

Fl13 (I) + MAC (2) 
0.0969 1.43 
0.2485 2.6‘1 
0.3978 2.77 
OS003 2.69 

F113 (1) + BENZ (2) 
0.1008 0.17 
0.2530 0.38 
0.4009 0.25 
0.5040 0.02 

O.#~ 4.22 
0.7511 3.13 
0.9011 1.37 

0.5111 -0.03 
0.6068 -0.40 
0.8067 -0.69 
0.8962 -0.54 

0.5952 1.19 
0.7428 0.68 
0.8987 0.30 

0.5955 2.52 
0.7524 1.73 
0.8959 0.74 

0.~ 5.80 
0.7407 4.53 
0.8956 1.90 

0.5952 4.81 
0.7514 3.79 
0.8950 1.85 

0.6001 2.33 
0.7473 1.60 
0.8955 0.74 

0.6044 -0.22 
0.7541 -0.40 
0.9038 -0.22 
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TABLE 2 (continued) 
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Xl 
E 

&cl x1 
E 

mol-‘) g-1 mol-‘) 

F113 (1) + cc6 (2) 
0.1066 0.12 
0.2515 0.11 
0.4028 -0.14 
0.5018 -0.33 

F113 (1) + nC6 (2) 
0.1022 -0.01 
0.2458 -0.46 
0.3886 -1.05 
0.4939 -1.45 
0.5985 -1.73 

F113 (1) + 22DMB (2) 
0.1004 -0.80 
0.2540 -2.03 
0.3798 -2.75 
0.4988 -3.20 

F113 (1) + nC7 (2) 
0.1333 -0.70 
0.2308 -1.47 
0.2984 -1.96 
0.4104 -2.85 
0.5008 -3.29 

F113 (1) + 24DMP (2) 
0.1313 -1.17 
0.2272 -2.03 
0.3130 -2.75 
0.4167 -3.45 
0.5034 -3.89 

0.6008 -0.53 
0.7535 -0.63 
0.8988 -0.47 

0.7010 -1.77 
0.7467 -1.84 
0.8020 -1.56 
0.8927 -1.10 

0.5976 -3.24 
0.7419 -2.77 
0.8963 -1.43 

0.5996 -3.67 
0.6821 -3.62 
0.7899 -3.16 
0.8935 -1.99 

0.6047 -4.02 
0.6951 -3.85 
0.7923 -3.18 
0.8901 -2.01 

a For abbreviations of compounds, see text. 

the least-squares method with equal weighting for all values. For each 
system, the number of parameters p and 4 in eqns. (1) and (2) was chosen 
on the basis of a statistical criterion (F-test) and the analysis of the 
statistical behaviour of the residuals [ 111. 

A comparison between the C,E values for F113 mixed with hydrocarbon 
solvents and oxygenated solvents in Figs. 1 and 2 clearly shows that, 
although for the latter C,E is positive, for the hydrocarbon compounds Cf 
is almost zero or negative. Positive values for C,E have been attributed to 
the formation or order or structure in the solution as compared with the 
pure compounds [5]. For example, large positive C,E values are always 
found when an alcohol is mixed with an inert solvent, and they are 
indicative of the alcohol self-association, via H-bonding, occurring in the 
solution. In a similar way, the formation of H-bonded complexes in 
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0 0.2 0.4 0.6 0.8 
x1 

Fig. 1. Excess molar heat capacities at 298.15 K for F113 (component 1) mixed with nC7 
(0), DPE (O), 24DMP (A), DIPE (A), 22DMB (Cl) and MTBE (m). 

mixtures of chloroform with acetone 1121 and 1,4-dioxane 1131 are 
responsible for the positive Cz values found in these systems. Hence, in 
the present case the positive Cz values found for F113 mixed with the 
oxygenated solvents can be ascribed to the presence of a F113- 
oxygenated compound complex in the solution. More evidence for the 
existence of this complex can be found in Fig. 1, where CF values for 
three different ethers (DPE, DIPE and MTBE) are contrasted with those 
for three hydrocarbons (nC7,24DMP and 22DMB). Because the chemical 
structure of these hydrocarbons is identical with that of the ethers they 
can be taken as the homomorphs, their CF representing the so called 
“physical contribution” arising from effects other than association. The 
comparison between these two sets of CF values skows that the substitu- 
tion of a methylene group in the hydrocarbon solvent by an oxygen atom 
pushes CF from being negative to being positive. A similar situation is 
found in Fig. 2 for the pair DJOX-cC6, where CF changes from being 
practically zero for cc6 to a large positive value for DIOX. Hence the 
specific interaction between Freon 113 and the oxygen atoms in the ethers 
is responsible for the large increase in CF found in replacing the 
hydrocarbon solvent by the corresponding equal-st~cture oxygenated 
solvent, and gives rise to a FI13-oxygenated compound complex. Further 
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Fig. 2. Excess molar heat capacities at 298.15 K for F113 (component 1) mixed with nC6 
(Cl), Cc6 (m):. BENZ ( + ), ACT (0), MAC (a), THF (A) and DIOX (A). 

support for the existence of this complex is found in the molar excess 
volumes shown in Fig. 3. Here it can be seen that VE values for F113 
mixed with the oxygenated solvents are always smaller than those for the 
corresponding hydrocarbon homomorphs. This reduction in VE is consis- 
tent with the idea that complexation implies a volume contraction. Hence, 
although the magnitude of VE is the result of several different (often 
competing) contributions [14], the reduction in VE in going from the 
hydrocarbon homomo~h to the corresponding oxygenated compound can 
be taken as an indication of complexation. 

The excess heat capacity data for F113 -t hydrocarbon solvents 
(C,E(homomorph)) in Figs. 1 and 2 can be used to gain some insight into 
the stoichiometry of the F113-oxygenated solvent complexes, Assuming 
that C,E(homomorph) is a good approximation for the physical contribu- 
tions to CF in the F113 + oxygenated solvent mixtures, then 
~C~(oxygenate) - C~(homomo~h)] is a measure of C~(complexation), 
i.e. the excess heat capacity due to the formation of the complex. It is 
clear from Fig. 1 and the values of the A, constants in Table 4 that, for the 
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Ex~~mental excess molar volumes VE at 298.15 K a 

F113 (1) + DPE (2) 
0.1412 0.171 
0.2303 0.267 
0.5111 0.394 
0.6068 0.386 

Fl13 (1) + MTI3E (2) 
0.1024 0.077 
0.2488 0.169 
0.3958 0.207 

Fl13 (I) + DIOX (2) 
0.0991 -0.050 
0.2464 -0.110 
0.4022 -0.164 
0.5003 -0.177 

F113 (I) + BENZ (2) 
0.1008 0.194 
0.2530 0.414 
0.4009 0.504 
0.5040 OS23 

F113 (1) + cc6 (2) 
0.1066 0.256 
0.2515 0.513 
0.4028 0.641 
0.5018 0.669 

Fl13 (1) + 22DMB (2) 
0.0995 0.248 
0.2484 0.536 
0.3966 0.670 
0.4987 0.690 

F113 (1) + nC7 (2) 
0.1333 0.429 
0.4104 0.924 
0.5008 0.959 
0.5996 0.948 

F113 (I) + 24DMP (2) 
0.1313 0.371 
0.2272 0.582 
0.3130 0.692 
0.4167 0.793 

0.7050 0.325 
0.8067 0.255 
0.8962 0.147 

0.4982 0.209 
0.7524 0.146 
0.8959 0.079 

0.5952 -0.162 
0.7514 -0.122 
0.8950 -0.059 

0.6044 0.506 
0.7541 0.393 
0.9038 0.186 

0.6008 0.630 
0.7535 0.477 

0.~3 0.639 
0.7509 0.480 
0.8985 0.227 

0.6821 0.863 
0.7899 0.689 
0.8935 0.404 

0.5034 0.818 
0.6047 0.798 
0.6951 0.694 
0.8996 0.287 

a For abbreviations of compounds, see text. 
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Fig. 3. Excess molar volumes at 298.15 K for F113 (com~nent 1) mixed with nC7 (O), 
22DMB (a), 24DMP (A), cc6 (A), BENZ (Cl), DIOX (a), DPE (+) and MTBE ( x ). 

three ethers in Fig. 1, C:(complexation) is practically symmetrical. Hence 
the asymmetry of CF curves for F113-ether in Fig. 1 is caused, not by the 
presence of the complex, but rather by the physical contribution. If an 
association model could be applied (see below), this symmetry would 
imply that the F113-ether (MTBE, DPE or DIPE) complex is a 1: 1 
complex. Contrasting with this situation, Fig. 2 and the A, constants in 
Table 4 show that C~(complexation) for 1,Cdioxane is asymmet~cal and 
skewed to high F113 concentration; hence the F113-DIOX mixture 
contains most probably both 1: 1 and 2 : 1 complexes. 

Considering the chemical structure of both F113 and the oxygenated 
compounds, their complexation probably involves a charge transfer 
mechanism. Here the oxygen atoms are electron donors and the strongly 
electronegative halogen atoms which form the surface of a F113 molecule 
act as electron acceptors. A similar electron donor-acceptor complexation 
has been considered to explain the non-inert behavior of carbon tetra- 
chloride in several solvents [16f. In this context, it is interesting to note 
that, in Figs. 1 and 3, CF and VE for F113 f BENZ are, respectively, 



TABLE 4 

Parameters Ai and standard deviations f(CE) for representa~on of excess molar beat 
capacities at 298.15 K by eqn. (1) ’ 

F113 (1) + A* Al A2 A3 W,e) 

(3 KM’ mol-‘) 

ACT 19.29 
DPE 0.13 
DIPE 6.04 
MTBE 11.26 
THF 25.87 
DIUX 20.15 
MAC 10.62 
BENZ 0.12 
CC6 -1.31 
nC6 -5.93 
2~~ -12.76 
nc7 -13.32 
24DMP -15.37 

-8.72 
-8.10 
-6.08 
-3.69 
-6.56 

-5.28 
-5.01 
-4.00 
-6.80 
-3.94 
-9.61 
-6.91 

6.10 0.06 
0.82 0.02 
0.03 4.11 0.01 

-0.60 0.01 
0.10 
0.06 

2.27 0.04 
-0.70 3.50 0.00, 
-0.74 0.02 

0.04 
0.91 0.02 

0.03 
0.02 

a For abbreviations of compounds, see text+ 

bigger and smaller than for I?113 + cC6, indicating a weak Freon 113- 
benzene complexation consistent with the weak electron donor character 
of benzene 1151. Support for the charge transfer mechanism has been 
found [l?] through quantum mechanical calculations performed with the 
so called AM1 method [lS]. These calculations indicated that such a 
complex is energetically stable and that its enthafpy of formation is only 
2-3 kJ mof-r. It is precisely the weakness of this interaction which compli- 
cates a possible quantitative analysis of the data presented here and in 
refs. I-3 through an asso&iation model, The di~~ulties arises from, the 

TABLE 5 

Parameters Bi and standard deviations s(VE) for representation of excess mdar volumes at 
298.15 K by eqn. (2) 11 

F113 (1) + & & B2 SW”) 
(cm” mol-‘) 

DPE 1.5597 0.1078 0.007 
MTBE 0.8430 -0.0734 0.006 
DIOX -0.6893 -0.0404 0.2015 0.004 
3ENZ 2.1184 0,006 
CC6 2.6523 -0.1226 0.005 
22DMB 2.7490 -0.2658 -0.1680 0.006 
nc7 3.8536 0.3416 0.2177 0.005 
24DMP 3.2747 0.~ 

a For abbreviations of com~u~ds, see text. 
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fact that the physical contributions to the excess thermodynamic quantities 
are not small, and in fact they might, in some cases, be dominant. 
Association models can, however, be applied to thermodynamic data for 
some other Freon mixtures where the enthalpy of complexation is large. 
For example, for 2-bromo-2-chloro-l,l,l-tri~uoroethane (halotha~e) 
mixed with oxygenated solvents, the presence of a highly acidic hydrogen 
atom in the Freon molecule causes the fo~ation of II-bonded complexes 
in solution [19-21). The enthalpy of formation of these complexes is in the 
range lo-15 kJ moi-‘, and hence complexation dominates over the 
physical contributions, allowing the successful application of association 
models [22]. 
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