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Excess enthalpies of chloroform +n-hexane, bromoform + n-hexane, bromo- 

form+ pyridine and bromoformt benzene and excess Gibbs free energies of mixing 
for bromoform + pyridine, chloroform+ pyridine, bromoform + n-hexane, chloro- 

form t n-hexane and bromoform +-benzene have been determined at 308.15 K and 

the same factors have been examined for Barker’s theory to understand the magnitude 

and nature of various interactions between the components of these mixtures. 

tXiODUCI-iON 

It is the purpose of this paper to report excess enthalpies and excess Gibbs free 
energies of mixing for mixtures A t B some of which are assumed to have specific A-B 

interactions: chloroform + pyridine, chloroform + n-hexane; bromoform f pyridine, 

bromoform + benzene, and bromoform + n-hexane. 

JxPEIuMENrA.L 

Method 

The liquids were purified and their purities checked as reported earlier’. 
Vapour pressures were measured by a static method2_ The apparatus (excluding 

the manometric part) was placed in a water thermostat which in turn was placed in 
another water thermostat_ The temperature of the outer thermostat was controlled 
to to.01 K and the temperature drift in the inner thermostat was of the order of 

&-O_OO2 K_ The manometric part was maintained at a higher temperature 3!?3.15 

+O.Ol K to avoid condensation of liquid vapours. The pressure measuremer$.s for 

benzene+pyridine and benzene+ bromoform mixtures were reproducible to within 

0.001 torr while for n-hexane+ chloroform and n-hexane+ bromoform they were 

reproducible to +0.03 torr. The equilibrium mole fraction in the liquid phase was 

determined from refractive index measurements as reported earlier3. 

Excess enthalpies were measured in an a&abatic calorimeter descrjbed earlieP. 

l Present address: Department of Chemistry, D.ILV. College, Jullundxr City. 
l * Present Address Department of Soils, Punjab Agricultural University, Ludhiana. 
To whom aI correspondence should be addressed. 
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RESULTS 

Total vapour pressure, p, together with the excess Gibbs free energies, GE, 

computed by Barker’s method’ for different mole fractions x, of component 1 are 

recorded in TabIe 1. The second virial coefficients of the pure substances except ben- 

zene and n-hexane H-ere evaluated from the BertheIot equation6 using critical constant 

data’; those for benzene and n-he_xane were taken from the literaturesmg_ The critical 
constznts, V,, PC and 7, of brornoform were evaluated from the Lyderson method, 

the Riedel method and the modified Guidberg rule, respectively, as reported”. It was 

further assumed that Blz = (B, I i B&5!. The excess Gibbs free ener_ey was assumed 

to have the form: 

GE/RT= x,<l -x1 j [Go+ G, (2x, - 1)t G,(2x, - l)2J (1) 

where G,,. G1 am! G2 u-ere chosen by the method of least squares_ It was found that 

oniy the three terms of expression (1) are sufiicient to give results which are in agree- 

ment with the experimental vapour pressures. 

The results for excess enthaipies were fitted to the expression 

NE=X1(l-XI)[~oiizl(2Xr-l)+hz(2XI-l)=] (2) 

and the parameters ir, , h, and h, were evaIuated by fitting HE/x, (I -x1) to expression 

(2) by the method of Ieast squares. The parameters of expressions (1) and (2) together 
with the standard deviations G(H~) of the excess enthaIpy, and c(p) of the observed 

vapour pressure from those calculated, are given in Table 2. Further in bromoform(2) 

i pyridine(l), whereas no coloration was first observed, the solution gradualIy 

acquires a yeIIow coiour on mi_xing. In several cases (x,>O.75), the liquid was found 

to be opaque at the end of the experiment_ Because of this no attempt was made to 

determine HE and GE for this mixture at x2 ~0.75. The results tabulated in Table 1 

correspond to those compositions in which opacity was not apparent. Following a 

simihr observation’ I for carbontetrachIoride t triethylamine, Iight was excluded 

from the experiment in a number of measurements but it had no effect on the coIor. 

DISCUSSION 

For bromoformi pyridine and bromoformibenzene, the results for NE are 
ne@ive suggesting ’ zz specific interactions between the components of these mixtures_ 

On the other hand, there is endothermic mixing in bromoform f n-hexane and chloro- 

formin-hexane; the former being more endothermic than the latter. Moreover, 

whereas the curve of HE against the mole fraction x1 of bromoform is almost sym- 

metrical about x, = OS in bromoform+ n-hexane, this is not so for chloroformin- 

hexane; the curve is skewed towards the chloroform-rich end of the mole fraction 

sczle. 

Comparison of HE values of bromoform+ pyridine and bromoform+benzene 

with those of the earlier data ’ 3. l4 for chloroform -+ pyridine at 308.15 K and chloro- 
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TABLE 1 

TOTAL VAPOUR PRESSURE, P, EXCESS GIBBS FREE ENERGIES OF MIXING, 
GE, AND EXCESS ENTHALPIES, HE, OF VARIOUS SYSTEMS AT 308.15 K 
FOR DIFFERENT MOLE FRACTIONS, X1, OF COMPONENT I 

P (Turr) GE (J mol- ‘) Hz (J mol- I) 

Chloroform (I) i- n-hexane (2) 
0.0598 
0.1102 
0.1803 
0.2101 270.12 
0.3499 
0.3503 286.17 
0.4201 
O-4799 296.87 
0.5800 
0.5900 300.84 
0.6297 
0.6602 299.37 
0.700 1 297.81 
0.7502 
0.7700 293.34 
O.sool 
0.8301 288.51 
0.8395 
0.8802 284.3 1 
0.8903 
0.9098 281_40 
0.9299 

Chkwoform (T) ip37k3ine (2) 
0.1300 46.50 
0.25Ol 63.94 
0.3199 76.03 
0.4503 104.33 
0.5398 127.iS 
0.6901 170.20 
0.7602 19228 
0.8299 214.37 
0.8997 237.95 
0.9601 257.67 

n- Hexane (I) i- bromoform (2) 
0.0401 49.67 
0_0897 
0.1300 
0.1403 101.16 

0.2498 133.39 

0.2!%1 
0.3100 146.38 
0.3499 
OAlO2 
0.4401 167-61 

0.4798 
0.5599 183.10 

67.03 
132.90 
2.2825 

198.53 
450.35 

332.25 

399.87 
518.17 

586.04 
398.08 

572.11 
367.08 
339-73 

278.71 
47i .96 

405.06 
210.57 

344.82 
149.86 

249.78 
111.94 

162.15 

-291.77 
-463.15 
- 530.52 
-603.01 
-616.33 
- 564.59 
-501.32 
-406.53 
-273.29 
-122-19 

159.08 
320.03 
450.34 

473.14 

705.73 

728.20 
729.32 

879.88 

939.96 
899-14 

960.10 
909.39 

(Continued on page iO8) 
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TABLE 1 fwnrinrudl 

XX P <Tin) GE (J mad-9 HE (J mol- ‘) 

liza- <I)i-&ronuPform (2) 
cao2 191-95 
0.6401 
a7097 
a7848 209.19 
*o.s397 216-56 
~OS-tOO 
.a9102 
a9xiO 226-80 

Bercene (f) + bromoform (2) 
0.0399 15.29 
0.059s 
0_0897 2229 
0_12OO 26-45 
0.1501 
OZSO2 4x59 
02S99 
0.3498 58.02 
03503 
0_4499 71.32 
OASOO 
OJ302 81.6c 
0.5503 
0.6297 
0.649s 96.66 
0_7101 
O_?sO3 107-62 
0.7502 
o-7899 
0.8598 121.99 
OJ3699 
09201 

Pjrfdkc (If i bromfom (Z) 
02300 1205 
02999 1324 
0.3250 
O_xOl 14.53 
0.3997 15.49 
0.4449 
0_4900 17.85 
O-5501 
O-56698 20.12 
05SO1 
O-6198 
0.6602 u-84 
0.6SW 
0.7400 25.33 
0.7601 
O_%NJ3 
O-8599 E-14 
O.SS9Y-J 
0_9SfE 

875.57 
880.15 
78524 

67638 
555.1 I 

505.48 
300.07 

2s4.60 

9.99 

21.77 
28.18 

59.17 

70.96 

8A79 

93_24 

97.86 

9222 

66.60 

-36298 
-42228 

-456.49 
-471.63 

-4S3.a 

-470.06 

-428.56 

- 367.60 

-232.34 

-2S.12 

-64.16 

- 107.05 

- 120.01 

- 133.18 

- 134.07 
- 128.13 

-113.06 

- 103_20 
- 9204 

-63.11 
-41.02 

- 1420.36 

- 1700.12 

- 1750.40 

- 1725.70 
- 1671.08 

- 1541.98 

- 1265.73 
-915.05 

- 650-49 
-300.15 
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form+benzene at 298-15 K suggest that exothermicity decreases when chloroform is 
replaced by bromoform in the mixtures with pyridine and benzene. HE values for 
bromoform + n-hexane and chloroform in-hexane support this observation. We are 
unaware of any data at 308.15 K with which to compare our rest& for HE and GE 

for these systems. However, our HE values for pyridine(l)+ bromoform(2) are com- 
parable to the HE values at 298.2 K measured by Findlay and Kavanah”_ This 
mixture thus has positive CF and so supports our conclusion that there are specific 
interactions bet~~n the components of this mixture. An interesting feature of this 
mixture i5 slat a mixture containing x2 30.75 on slow cooling in the dark, yields 
yellowish crybtis (m.p. ~200°C) after several hours. Further work on these crystals 
is in pro_qzss. 

The crystallinity of the compound is clearly exhibited by excellent powder 
diffraction maxima obtained by using Ni-filtered Cu Km-radiation (I. = 1 .%lS A) at 

40 kV and 20 mA_ The other experimental conditions are as follows: divergence 
5ht= I”; receiving slit = O-1 mm: scatter slit = 1”; scanning speed = 1” min- ’ ; time 
constant = IO; counts per second = 2OOO; attenuation = 4. 

The powdered sample was stuffed in an aluminum holder and X-rayed in a 

Philips PW 105O goniometer. The peaks were recorded with a PW 1370 (flat bed) 

recorder. 

The 2&angles, d-spacing (in A) and the observed intensity of 34 peaks are given 
in Table 3. 

The results of HE were examined for Barker’s theory16. The generalised lattice 
model theory allows a molecule to have contact points of several types; each type 
having a definite interaction energy. The total number of contacts which a moIecuIe, 
occupying rA sites on an A coordinated lattice, is capable of making is given by 

As the molar volume of bromoform (A) is almost the same as that of the solvents (S), 
pyridine and benzene, used here, a value of r_4 = r, = 2 and 2 = 4 has been used 
throughout this paper. For n-hexane a value of rs = 3 has been used, Furthermore the 
non-polar component, benzene is assumed to have contact points of one type, while 
pyridine has one N contact point, Q& and (&- 1) contact points, @a, for the residual 
molecule- n-Hexane is presumed to have 6 contact points of the same type for the 
terminal portions and 2 contact points of the same type for the remaining portion 
while bromoform is assumed to have one H contact point, @, and 5 contact points, 

Qir, of another type for the residual part. For bromoform(A) + pyridine(S), the inter- 
actions considered were: hydrogen bond (N.-J-I) of strength, LI*, and a non-specific 

interaction of strength, ul, for all the remaining contact points. Us (excess energy at 
constant voiume) values were then calculated from 

nf = -2RUQL XC+-& &+&Ja,+Xa,&J ‘I~ In ‘I~ +-Whtt2 In tf21 (3) 
where the parameters X,, XBrr X, and X, are solutions of 

%A C tt,A=.B = <Q,AP) x, (4) 
B.P 
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and 

Iii = exp (-uJRT) (i = I or 2) (3 

The various symbols have their usual meanings ’ 6 _ With certain assumed values for u1 
and U, , expression (4) was solved for X,, XBr, X, and X, at a particular value of x,,. 
The values so obtained were then used to calculate the corresponding value of UF 
and hence of HE from the relation 

g”, = HE- mEti( (6) 

where Q,, W&, and VE are, the expansivity isothermal compressibility and excess 
volu- aes of the mixture, respectively. The excess volumes of mixins values were taken 
from our previous publication while CC= and (K7)= were calculated by assuming them 
to be additive functions of the corresponding functions’ Y-2’ for the pure liquids. In 

this way HE values at x, = O-3,0.5 and 0.7 were calculated and these are recorded in 
Table 4- The thermodynamic consistency of the values of uI and uz checked by cal- 
culatin_g the GE function for the mixture using the relation 

GE = xx& (7) 

where 

E u,, = RT [x Q, A In QCp A/X,+ Xsf A) i rA(Z/2 7 1) In (c xs r&,+)1 
P S 

and the parameters XL A are the solutions of expression (4) for pure iiquids. Only those 
values of ur and u2 were retained which reproduce the experimental HE and GE values 
as closely as possible. For ,chloroform tpyridine, HE values were taken from our 
previous publication’ 3. 

For benzene@‘) f bromoform(A) the interactions considered were a specific 

bond (H.-S) between the bromine atoms and hydrogen atom of bromoform on one 
side and the solvent benzene, of strength uf and a non-specific interaction of strength 
u1 for all the remaining contact points. UE values were then caiculated as explained 
above from the expressions 

u”, = --2RTC(&XBz) ql In tlI +(XHX~+XsX& rt2 In v21 (8) 

GE values were similarly calculated from expression (7). The calculated HE and GE 
values, where the interaction energies satisfy the consistency requirements, are 
recorded in Table 4. 

For bromoform(A) + n-hexane(S) and chloroform(A) + n-hexane(S) a non- 
specific interaction of strength, ulr was assumed for all the contact points. UE values 
were obtained from the reiation 

U”, = -2RT~(X,X,.+X,X,~X,X,,+X,.X,,) ‘I~ In qrj (9) 

and GE values were obtained from relation (7). These values are recorded in Table 4. 



N&are of interactions 
A consideration of the interaction energies, ul and u2, would be instructive to 

understand the nature of the interactions between the compounds of these mixtures. 
The N--&I interaction enera (u,) of chloroformipyridine and bromoform 

+pyridine su_ggests that compared to bromoform, chloroform forms a stronger 
hydrogen bond with pyridine- This is justifiable as chlorine is more electronegative 
than bromine and the charge of the -C-H bond is displayed to a larger extent towards 
carbon in chIoroform than in bromoform. The more pofar proton of chloroform thus 
forms a stronger hydrogen bond with pyridine. It is interesting to observe that although 
the hydrogen bonded interaction in bromoform(2) + pyridine(l) is less than that in chlo- 

TABLE 3 

X-RAY POB’DER DIFFRACTION DATA FOR THE PYRlDINE+BROMOFORM 
CUMPLM 

Penk No_ 2e 

1 8.70 IO.163 11 
2 9.90 8.934 18 

3 12Zl 7.195 II 
4 16.75 5.293 12 
5 17.85 4.968 14 
6 18.70 4.745 50 
7 19.00 4.670 7 
8 19.75 4.495 54 
9 20.x 4280 11 

IO 21.10 4310 64 
11 21.85 4.067 71 

12 2145 3.961 13 22-95 3-874 2z 
14 23_50 3185 6 

15 24.80 3.590 100 
I6 2605 3.420 36 
17 26.65 3344 9 
18 27.30 3.266 71 
19 29.75 3.003 36 
20 SO.40 2940 54 
21 3130 2857 14 
z 34.45 34.95 2603 2567 27 29 

24 3590 2301 9 
25 36-70 24x3 34 
26 36.90 2435 21 

27 37-75 28 3930 zi II: 
W 41.45 2.178 X0 
30 4230 2136 6 
31 43.10 2098 14 
32 4390 2062 IO 
33 44.30 2.044 7 
34 47.05 x931 12 
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TABLE 4 

IXTERACTION ENERGIES XND THE COMPARISON OF HE AND GE VALUES 
CALCULATED ACCORDING TO THE EXPRESSIONS (3)-(6), (7), (8). (9) A?cTD 
m VALUES INTERPOLATED FRO51 THEIR CORRESPONDING EXPERIMENT_4L 
VALUES AT 308.15 K FOR THREE MOLE FRACTIONS X1 OF COMPONENT 1 
a= = L’r.a.30 (i = 1 or 2) 

xx HZ, (J mz- ‘1 N&,, (J moi- ‘) G& (J mol- ‘) GE- (J mol- ‘) 

n-Hexarzc (I) f bromqform (2), U? = 209-45 J mole I 
0.3 742.64 805.35 720.06 779.77 
0.5 834.49 960.02 932.61 915.06 
0.7 847.08 815.15 748.10 808.87 

Chhcform (I) + n-hexam (Z), U,^ = ISCJ.15 J nwl- ’ 
0.3 425.70 375.25 318.24 289.76 
0.5 618.51 570_36 422-58 403.96 
0.7 495.72 535.76 333.67 339.73 

Benzne (I) +bromoform (2), U,” = 26.02 J mol- I, U,” = - 63.00 J mol- ’ 
0.3 - 143.72 - 107.51 77.08 6276 
0.5 - 184.07 - 137.50 93.52 90.57 
0.7 - 161.18 - 116.73 1 IO.24 95.86 

Pyrz&u (I) i- bromoform (2), U,” = -34W.46 J mol- I, U,” = 9112 J mol- ’ 
0.3 - 136058 - 1350.07 - 594.96 -422.28 
0.5 - 171954 - 1750.30 -745.17 -483.25 
0.7 - 1405.56 - 1450.21 - 57823 -401.01 

chloroform (I) +pyridine (2), UF = 9115 J mole’, U,” = - 3886.76 J mol- ’ 
0.3 - 1712.60 - 14zo.00 (ref. 13) -519.49 - 513.57 
0.5 - 2278.65 - 1909.00 -722.30 -614.37 
0.7 - 1716.18 - 16mMO - 598.49 - 557.43 

roform + pyridine, a solid probably a 2: 1 complex is formed in the former and not in 
the Iatter. This may be explained ifit be supposed that a solid complex is formed from 
the lattice rearrangements, the new lattice probably has only a small ener_gy difference 
as compared with the original one and that the lattice is maintained in tact by specific 
interactions. The size of bromoform is slightIy larger than that of chloroform. Con- 
sequently in forming a 2: 1 complex with pyridine by lattice rearrangements, the 
lattice deformations in bromoform + pyridine are less than those in a I : 1 complex 
of chloroform+ pyridine. Moreover the specific interactions between bromoform 
+ pyridine are of the same order of magnitude as in chloroform + pyridine and so no 
new lattice r earrangements appear in the l&er system. 

In benzene-t bromoform the interaction energy, u2 , indicates that both the 
hydrogen atom and bromine atoms of bromoform interact with benzene. The proton 
of bromoform may be visualised to align itself along the six-fo!d axis of benzene and 
form a weak K complex with the z cloud of benzene. This, however, would cause 
shieIding of the bromoform proton. Preliminary NMR studies” indicate that the 
proton resonance signal of bromoform is shifted upfield in its mixtures with benzene. 
At the same time the bromine atoms of bromoform may form a weak complex with 
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the planar hydrogen atoms of the benzene moiecule, and as such the magnitude of 
the non-specific interactions, ul, will aIso be appreciable. 

Examination of ZQ interaction ener=T for bromoforrni-n-hexane and chlor* 

form + n-hexane sugzgzsts that it is more repulsive in the former than in the latter. The 
Ilarger repulsive interaction in bromoform i- n-hexane than in chloroform+ n-hexane 
may be explained by the fact that the bromine atom is larger than the chlorine atom. 
Consequently, the bromine atoms in bromoform experience -g-cater steric repulsion 
31 n-hexane -i- bromoform than the chlorine atoms in n-hexane+chloroform. 
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