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ANALYSIS OF { [cx,w-DICHLOROALKANE 
OR a,w-DIBROMOALKANE] + BENZENE 

AND ~,w-DICHLOROALKANE + 
TETRACHLOROMETHANE} MIXTURES 

IN TERMS OF GROUP CONTRIBUTIONS 
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VELASCO and SANTOS OTIN* 

Departamento de Quimica Organica - Quimica Fisica, 
Facultad de Ciencias, Universidad de Zaragoza. 

50009-Zaragoza. Spain 

(Received 21 July 1999) 

Molar excess enthalpies, HE, at 298.15 K and atmospheric pressure have been 
determined for three binary liquid mixtures [x { 1,3-dichloropropane or 1 ,Cdichlorobu- 
tane and 1,6-dichlorohexane} + (1 - x) tetrachloromethane]. These experimental results 
along with the data available in the literature on molar excess Gibbs energies, G i ,  
activity coefficients at infinite dilution, I n y r ,  and molar excess enthalpies, HE, for a,w- 
dihaloalkanes + benzene or + tetrachloromethane mixtures are examined on the basis of 
the DISQUAC group contribution model. 

Keyworh: Dihaloalkanes; calorimetry; DISQUAC group contribution model; dihalo- 
alkane-solvent interactions 

INTRODUCTION 

Mono- and poly-haloalkanes represent a class of technically important 
compounds, used in industry as intermediates or as final products. In 
view of the variety of possible mixtures, the applicability of predictive 

*Corresponding author. 
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538 M. ARTAL et al. 

methods is of great interest. The DISQUAC group contribution 
method [l] pretends to improve the quality of the predictions by using 
structure-dependent interactions parameters. It has been applied 
succesfully to many classes of substances including mixtures contain- 
ing fluoro-, chloro-, bromo, or iodoalkanes [2 - 91. 

In this work, we have measured the molar excess enthalpies, HE, at 
298.15 K and atmospheric pressure, for three binary liquid mixtures 
[x { 1,3-dichloropropane or 1 ,Cdichlorobutane and 1,6-dichloro- 
hexane} + (1 - x )  tetrachloromethane]. These experimental results 
along with our previous one on molar excess enthalpies, HZ, of a,w-di- 
bromoalkane + benzene [lo] and the data available in the literature on 
molar excess Gibbs energies, G i ,  activity coefficients at infinity dilu- 
tion, In y,", and molar excess enthalpies, HE, for a,w-dihaloalka- 
nes + benzene and a,w-dichloroalkane + tetrachloromethane mixtures 
are examined on the basis of the DISQUAC group contribution 
model. 

EXPERIMENTAL 

Cl(CH&Cl (99 moles per cent pure) and Cl(CH2)&1 (98 moles per 
cent pure) were purchased from Aldrich; Cl(CH2)&l (99 moles per 
cent pure) and CCl4 (> 99.5 moles per cent) were provided by Fluka. 
All the products were used directly without further purification. The 
results from measurements of density p and refractive index at the 
temperature 298.15 K agreed well with literature values and are listed 
in Table I. Densities have been measured with an Anton Paar Model 

TABLE I Refractive index, n ~ ,  and density, p, for the pure liquids 
~ ~~ 

 ID (293.15 K ) nD (298.15 K )  p (  298.15 K ) / g  
Compounds this work Ref [ 1 I] this work Ref. [ 1 I] this work Ref [ 1 11 

1,3-dichloropropane 1.44762 1.4487 1.44588 1.4460 1.17866 1.1818 
1,4-dichlorobutane 1.45336 1.4547 1.45190 1.4522 1.13375 1.1353 
1,6-dichlorohexane 1.45648 1.4572 1.07000 a 1.0677 
tetrachloromethane 1.45878 1.4601 1.45692 1.4570 1.58459 1.58436 

a293.15K. 
Ref. [12]. 
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DIHALOALKANES 539 

D M A  60 densimeter equipped with a DMA 602 cell; refraction indices 
were determined with a Zeiss refractometer with a precision of 
f 0.00002. 

The excess enthalpies were determined using a calorimeter and a 
experimental technique described by GutiCrrez Losa and Gracia [ 131. 
The estimated accuracy of the HE measurements is 2%. 

RESULTS 

The experimental values of 
They were fitted to the smoothing Redlich - Kister equation: 

at 298.15 K, are given in Table 11. 

n 
H t  = X( 1 - X) aj(2x - l)(i-’) 

i= I 

where x is the mole fraction of the compound different from the Q,W- 

dichloroalkane. The values for the coefficients ai and the standard 

TABLE I1 Experimental values of molar excess enthalpies, H:, at T =  298.15K for 
binary mixtures studied 

XI Hi(Jmo1-I) x1 H i ( J m o l - ’ )  xI Hi(Jmo1-I) 

1,3-dichloropropane (1) + tetrachloromethane (2) 
0.0550 95 0.4137 280 0.681 I 200 
0.1176 170 0.4485 28 1 0.7352 172 
0. in46 219 0.4495 280 0.8398 104 
0.2715 262 0.5280 262 0.8433 101 
0.3568 279 0.5926 244 o.nn3i 75 
1,4-dichlorobutane (1) + tetrachloromethane (2) 
0.0501 76 0.4860 219 0.7464 110 
0.1550 I 78 0.5201 210 0.7639 101 
0.2183 215 0.5532 203 0.8302 70 
0.2819 235 0.6562 157 0.9099 39 
0.3568 24 1 0.7033 136 0.9482 20 
0.4219 236 
1,6-dichlorohexane ( I )  + tetrachloromethane (2) 
0.0892 50 0.4601 17 0.7746 - 30 
0.1416 63 0.5056 n 0.7994 - 29 
0 . m  62 0.5758 - 17 0.8410 - 23 
0.2788 56 0.6580 - 32 0.9392 - 5  
0.3871 35 0.691 1 - 36 
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540 M. ARTAL et al. 

TABLE I11 Values of the coefficients aj, Eq. (I) ,  and standard deviations u(Hi), Eq. 
(2), of experimental molar excess enthalpies, Hi, at 298.15K, for the studied mixtures 

Mixtures a0 a1 a2 a3 

tetrachloromethane (2) + 
1,3-dichloropropane (1) 1079.6 - 417.7 147.8 - 298.1 2 
1,Cdichlorobutane (1) 868.7 - 621.6 125.8 2 
1,6-dichlorohexane (1) 21.0 - 553.8 105.9 172.9 366.2 2 

deviation, a(H:), given by 

where N is the number of experimental points, were determined by 
least - squares analysis and are reported in Table 111. 

THEORY 

a,w-dihaloalkane + tetrachloromethane or benzene systems are re- 
garded as possessing three types of surfaces: (i) type a (CH3 or CH2 
groups in a,w-dihaloalkane); (ii) type h, (halogen group, h = C1 or Br 
in a,w-dihaloalkane) and (iii) type d, (solvent; d = tetrachloromethane 
or benzene). The three types of surfaces, a, h and d, generate three 
pairs of contacts: (a, h), (a ,  d ) and (h ,  d ). 

The equations used to calculate GE and HE are the same as in other 
publications [I ,  141. The interactional terms in the thermodynamic prop- 
erties under consideration, GE and HE, are given by the DISQUAC 

a quasichemical contribution, G:,YK or Hi?%, thus: 
model as the sum of a dispersive contribution, G:d& or Hm,INT, E,dis and 

(3) 
G; = G;,COMB + G:,'& + G ; , ~ ~  E quac 

(4) E - HE,dis + HE,qUaC 
H m  - m , I m  m , I m  

where for a binary system, GE,,oMB/RT = xlLn($l/xl) + x2Ln(42/x2) 
is the Flory-Huggins combinatorial term; $i = rixi/ (r1x1+ r2x2) is the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



DIHALOALKANES 541 

volume fraction; xi  is the mole fraction and ri is the total relative 
molecular volume of component i ( i  = 1, 2). 

The temperature dependence of the dispersive or quasichemical gs, 
parameters (s, t = a, h) has been expressed by a three-constant 
equation of the type: 

= Csr.1 + Csr.2 [ - 11 + G . 3  [Ln- T o  - - T o  + 1 ] ( 5 )  
gs1(T) 

RT T T  

where To = 298.15 K is the scaling temperature. 
Accordingly, 

-- - Csr.2 T o  - csr.3 “70 - - 11 h S 1  ( T) 
RT 

are termed interchange energy coefficients. In our approach, we have 
considered zero third interchange coefficient. 

The relative molecular volumes, T i ,  the total relative surfaces, qi, 
and the surface fractions, aSi (s, t = a, h, d ) ( i  = 1,2), of all molecular 
species have been calculated on the basis of the group volumes, VG, 
and surfaces, AG, recommended by Bondi [15], taking arbitrarily the 
volume and surface of methane as unity. Table IV lists the geometrical 
parameters of all compounds referred in this paper. 

The dispersive and quasichemical interchange parameters for the 
contacts aliphatic-halogen (a, h), C‘& and ci,y(/ = 1,2; h = Br or C1) 
have been determined previously by (a,h = Br) Artal [16] and 
(a, h = Cl) Kehiaian [3]. Dispersive coefficients are constant with the 
chain length, except the dihalomethane, whereas quasichemical coeffi- 
cients change up to the pentane derivative; the variation is a conse- 
quence of the “proximity effect” between halogen atoms sites in the 
same molecule. 
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542 M. ARTAL et al. 

TABLE IV Volumes, ri, total surfaces qi, and molecular surface fractions aSi (s = u, 
aliphatic; s = t ,  tetrachloromethane; s = b, benzene; s = h, bromo and s = h‘, chloro) of 
studied compounds calculated from the group increments rc and qG of Bondi [IS] 

Compound ri 41 %i &hi oh’ i  

BrCH2Br 2.3032 2.0362 0.2921 0.7079 0.0000 
Br(CH&Br 2.8772 2.3655 0.3936 0.6064 0.0000 
Br(CH2),Br 3.4749 2.8310 0.4933 0.5067 0.0000 
Br(CH2)4Br 4.0724 3.2966 0.5649 0.4351 0.0000 
Br(CH&Br 4.6700 3.7621 0.6187 0.3813 0.0000 
Br(CH2)6Br 5.2675 4.2276 0.6607 0.3393 0.0000 
Br(CH2)8Br 6.4626 5.1586 0.7219 0.2781 0.0000 
ClCH2Cl 2.0275 1.8500 0.3215 0.0000 0.6785 
CI(CH2)2Cl 2.5526 2.1724 0.4286 0.0000 0.5714 
Cl(CH2)9Cl 3.1501 2.6379 0.5294 0.0000 0.4706 
CI(CH2)&1 3.7477 3.1035 0.6000 0.0000 0.4000 
CI(CH2)SCl 4.3452 3.5690 0.6522 0.0000 0.3478 
CI(CH&,CI 4.9428 4.0345 0.6923 0.0000 0.3077 
C6H6 2.8248 2.0724 0.0000 0.0000 0.0000 
CC4 3.0543 2.5104 0.0000 0.0000 0.0000 

For the CClr, = 1.0000 for the C6H6 abi = 1.0000. 

The interchange parameters of the aliphatic-solvent contacts, (a, d ), 
where solvent is tetrachloromethane or benzene, are known from 
Ait-Kaci works [17]. Then the representation of GE and H i  of 
a,w-dihaloalkane + solvent mixtures requires only the fitting of the 
( h ,  d )  contact parameters. Based on our previous experience with 
other contacts in polar -polar or polar-polarizable mixtures, it was 
assumed the quasichemical coefficients to be equal zero, C i T  ( /  = 1,  

The Cg,, parameters were estimated on the basis of the G i  ex- 
perimental values reported in the bibliography [18 - 25, 38 - 511. The 
C& parameters for halogen / solvent contact were estimated on the 
basis of H i  experimental values from the literature [6, 10, 19,20, 38- 
661, and from our experimental H i  values (Tab. 11). 

These parameters increase with increasing chain of the a,w-dihalo- 
alkane and reach the values for 1-monohaloalkane + solvent for n 2 5, 
in which there is not “proximity effect”. However, when DISQUAC 
was applied to bibliographic data of C,H2,+1X + CCld or + C6H6 
mixtures [2-61 the parameters obtained changed with the chain length 
of the l-monohaloalkane to reach a constant value from a certain 

2; h = Br or c1 and d = ccl4 or C6H6). 
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DIHALOALKANES 543 

n different for different X. In this case, we think that there is only 
reason for the parameters to change (to be different) in the first com- 
pounds of the series and that from n = 4 the parameters should be 
constant. 

The values of all interchange energy coefficients are listed in the 
Table V. 

TABLE V Interchange energy coefficients C'$ and q:r for contacts (s, t )  (s, t = a, 
aliphatic; s, t = 1, tetrachloromethane; s, t = b, benzene; s, t = h, bromo; s, t = h', cloro) 
( /  = 1, Gibbs energy; / = 2, enthalpy); n is the number of atoms of Carbon in the o,w- 
dihaloalkane 

Contact n c2, cdis  sr.2 e; G 

2 
3 
4 

2 5  

0.093 
0.096 
0.096 
0.097 
0.251 
0.050 
0.200 
0.200 
0.200 
0.200 
0.026 
0.093 
0.093 
0.093 
0.093 
0.75 
1.13 
1.45 
1.68 
1.70' 
0.053 
0.564 
0.69' 
0.79* 
0.815 
0.193 
0.588 
0.769 
0.88f 
0.970 

0.180 
0.181 
0.186 
0.190 
0.560 
0.100 
0.300 
0.300 
0.300 
0.300 
0.050 
0.180 
0.180 
0.180 
0.180 
1.21 
1.85 
1.87 
1.90 
1.98 
0.479 
0.856 
0.750 
0.720 
0.703 
0.268 
0.891 
0.840 
0.820 
0.813 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.860 
1.30' 
1.72 
1.90' 
2.02' 
1.15 
1.67 
2.08' 
2.28' 
2.34 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
1.95 
2.30 
2.73 
3.10 
3.18 
2.1 1 
3.20 
3.46 
3.68 
3.75 
0 .oooo 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

* Estimated values. 
Ref. [lv. 
Ref. [16]. 
Ref. [67l. 
Ref. [7]. 
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544 M. ARTAL et al. 

COMPARISON WITH EXPERIMENT 
AND DISCUSSION 

Tables VI, VII and VIII and Figures 1 and 2 show a comparison of 
DISQUAC with experiment for the isothermal vapor - liquid equilibria 
and excess molar enthalpies of a,w-dichloroalkane or a,w-dibromo- 
alkane + benzene. DISQUAC reproduce quite satisfactorily both 
the simmetry and the magnitude of the GE or HE- composition curves 

TABLE VI Molar excess Gibbs energies, Gf(x1 = 0.5) of cY,wdihaloalkane + benzene 
mixtures at various temperatures and equimolar composition. Comparison of direct 
experimental results (Exp.) with values calculated (Calc.) using the coefficients from 
Table V 

G l l J  mol-' 

u,wdihaloalkane TIK Calc. Exp. Reference 

BrCH2Br 308.15 -113 -105 Ref. [18] 
Br(CH2)2Br 283.15 144 180 Ref. (191 

146 Ref. [20] 
144 Ref. [21] 

288.15 142 140 Ref. [21] 
293.15 140 159 Ref. [22] 

139 Ref. [21] 
298.15 138 250 Ref. [23] 

138 Ref. [21] 
303.15 136 172 Ref. [19] 

134 Ref. [21] 
308.15 134 279 Ref. [23] 

131 Ref. [21] 
313.15 133 128 Ref. [21] 
318.15 131 126 Ref. [21] 
323.15 129 122 Ref. [21] 

ClCH2CI 293.15 -75 -76 Ref. [24] 
298.15 -75 -75 Ref. [24] 

-70 Ref. [25] 
303.15 -75 -74 Ref. [24] 
348.00 -73 -67 Ref. [25] 

Cl(CH&Cl 293.15 56 33 Ref. [38] 
298.15 55 51 Ref. [62] 

19 Ref. [26] 
48 Ref. [27] 

303.15 55 14 Ref. [28] 
308.15 55 44 Ref. [62] 
313.15 55 5 Ref. [63] 

Cl(CH2)&1 298.15 7 7 Ref. [29] 
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DIHALOALKANES 545 

TABLE VII Molar excess enthalpies, H i ( x l  = 0.5) of a,w-dihaloalkane + benzene 
mixtures at various temperatures and equimolar composition. Comparison of direct 
experimental results (Exp.) with values calculated (Calc.) using the coefficients from 
Table V 

H L I J  mol- ' 
a,w-dihaloalkane TIK Calc. Exp. Reference 

BrCH2Br 

Br(CH2)2Br 

Br(CH2)3Br 
Br(CH2)4Br 
Br(CH2)sBr 
Br(CH2)6Br 
Br(CH2)gBr 

ClCH2Cl 

CI(CH2)2Cl 

CI(CH2)2C1 

298.15 

303.15 
288.15 
293.15 

298.15 

308.15 
318.15 
298.15 
298.15 
298.15 
298.15 
298.15 

298.15 

280.75 
288.15 
293.15 
297.85 

298.15 

298.15 

303.15 
308.15 

315.00 
318.15 
343.15 

130 140 
131 

129 53 
259 299 
256 300 

289 
253 252 

299 
246 
253 

248 298 
242 293 
27 14 

-96 -28 
-103 -85 
-78 -97 
-7 -93 

-82 -82 
-82 
-82 
-82 
-82 
-83 
-82 
-78 

87 90 
77 67 
71 83 
66 63 

60 
65 63 

65 64 
64 
65 
65 
66 

60 46 
54 53 

54 
55 

47 44 
44 55 
21 58 

Ref. [57] 
Ref. [lo] 
Ref. [57] 
Ref. [58] 
Ref. [19] 
Ref. [20] 
Ref. [39] 
Ref. [58] 
Ref. [40] 
Ref. [lo] 
Ref. [58] 
Ref. [58] 
Ref. [lo] 
Ref. [lo] 
Ref. [lo] 
Ref. [lo] 
Ref. [lo] 

Ref. [41] 
Ref. [42] 
Ref. [43] 
Ref. [44] 
Ref. [45] 
Ref. [46] 
Ref. [47] 
Ref. [44] 
Ref. [48] 
Ref. [49] 
Ref. [38] 
Ref. [50] 
Ref. [51] 
Ref. [60] 

Ref. (481 
Ref. [41] 
Ref. [61] 
Ref. [62] 
Ref. [49] 
Ref. [63] 
Ref. [64] 
Ref. [62] 
Ref. [49] 
Ref. [48] 
Ref. [49] 
Ref. [65] 
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TABLE VII (Continued) 

Hi f J mol-' 

a,w dihaloalkane TIK Calc. Exp. Reference 

CI(CH2)$I 298.15 -47 -75 Ref. [66] 
CI(CH2)&I 298.15 -101 -131 Ref. [66] 
CI(CH2)sCl 298.15 -102 -123 Ref. [66] 
CI(CH2)&1 298.15 -76 - 123 Ref. [66] 

TABLE VIII Logarithm of activity coefficients at infinite dilution, Inyr ,  of a,w- 
dihaloalkane + benzene mixtures at various temperatures. Comparison of direct experi- 
mental results (Exp.) with values calculated (Calc.) using the coefficients from Table V 

In 72" 
a,w dihaloalkane TIK Calc. Exp. Reference 

~ ~ ~~~~ 

ClCHzCl 337.2 0.089 0.058 Ref. [30] 
355.0 0.086 0.039 Ref. [30] 

I ;. 

0 . 0  0.2 0.4 0.6  0.8  1 .o 

FIGURE 1 Molar excess Gibbs energies, G i  of a,w-dichloroalkane, C1(CH2),C1 (0, 
n = 1; 0, n = 2; A, n = 3) or a,w-dibromoalkane, Br(CH2),Br(., n = 1; rn , n = 2) + 
benzene mixtures; lines, DISQUAC prediction. 
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FIGURE 2 Molar excess enthalpies, HZ of a,wdichloroalkane, CI(CH2),C1 (0 ,n  = 1; 
0, n = 2; A, n = 5) or a,wdibromoalkane, Br(CH2),Br (a, n = 1; W ,  n = 2, A, n = 5) + 
benzene mixtures; lines, DISQUAC prediction. 

TABLE IX Molar excess Gibbs energies, G i ( x l  = 0.5) of a,w-dichloroalkane+ 
tetrachloromethane mixtures at various temperatures and equimolar composition. Com- 
parison of direct experimental results (Exp.) with values calculated (Calc.) using the 
coefficients from Table V 

G ; ~ J  rno1-I 
a, w-dichloroalkane TIK Calc. Exp. Reference 

ClCH2CI 303.15 331 253 Ref. [31] 
330 Ref. [32] 
307 Ref. [33] 

308.15 327 242 Ref. [31] 
312.15 324 26 1 Ref. [31] 
318.15 318 265 Ref. [34] 

CI(CH2)ZCl 298.15 404 417 Ref. [27l 
220 Ref. [35] 

303.15 400 400 Ref. [32] 
313.15 393 371 Ref. [33] 

367 Ref. [35] 
322.00 387 507 Ref. [35] 
350.00 369 337 Ref. [36] 
353.15 368 365 Ref. [37] 

Cl(CH2)3CI 298.15 389 282 Ref. [29] 
303.15 389 390 Ref. [32] 

CI(CH2)&I 303.15 366 360 Ref. [32] 
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TABLE X Molar excess enthalpies, HE ( X I  = 0.5) of a,w- dichloroalkane + tetrachloro- 
methane mixtures at various temperatures and equimolar composition. Comparison of 
direct experimental results (Exp.) with values calculated (Calc.) using the coefficients from 
Table V 

~ ~~~~ ~ 

H;/J rno1-I 
a, wdichloroalkane TIK Cak. Exp. Reference 

ClCHzCl 297.85 594 588 Ref. [50] 
298.15 594 596 Ref. [59] 

596 Ref. [52] 
608 Ref. [6] 

CI(CH2)ZCl 288.15 641 653 Ref. [49] 
298.15 628 626 Ref. [53] 

667 Ref. [6] 
666 Ref. [49] 

303.15 622 663 Ref. [54] 
308.15 616 664 Ref. [49] 
313.15 610 654 Ref. [49] 

CI(CH2)3CI 288.15 417 262 Ref. [56] 
298.15 399 509 Ref. [6] 

276 Ref. [56] 
270 This work 

303.15 39 1 265 Ref. [55] 
308.15 383 281 Ref. [56] 
318.15 368 302 Ref. [56] 

Cl(CH2)&I 298.15 238 342 Ref. [6] 
217 This work 

303.15 228 224 Ref. [55 ]  
CI(CH2)sCI 298.15 180 236 Ref. [6] 
CI(CH2)&I 111 156 Ref. [6] 

5 This work 

for these type of mixtures, taking into account the ocurrence of 
intramolecular effects (especially the proximity effect) in the di- 
halocompounds. 

In the case of the mixtures with tetrachloromethane as solvent 
(Tabs. IX and X), DISQUAC reproduce less satisfactorily the sim- 
metry of the curves GE - composition of a,w-dichloroalkane + CC14 
(Fig. 3). However, HL -composition curves (Fig. 4), are reasonably 
well represented. It should be remembered that the excess functions of 
polar + polar or + polarizable mixtures are given DISQUAC by the 
difference between two terms, dispersive and quasichemical. Hence the 
difficulty in representating accurately (in terms of relative errors) the 
experimental data in mixtures with low values of H i  as is the case of 
1,6-dichlorohexane + CC14. 
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FIGURE 3 Molar excess Gibbs energies, GE of a,w-dichloroalkane, Cl(CH2),C1 
(o,n = 1; A, n = 2; 0, n = 3; 0, n = 4) + tetrachloromethane mixtures; lines, DISQUAC 
prediction. 

FIGURE 4 Molarexcessenthalpies,Hi ofa ,  w-dichloroalkane,Cl(CH2),Cl(o, n = 1; A, 
n = 2; 0, n = 4; 0, n = 6) + tetrachloromethane mixtures; lines, DISQUAC prediction. 
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