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ABSTIMCT 

Excess enthalpies of bromoform + toluene, + o-xylene, + m-xylene and 

+p-xylene have been determined at 308.15 K. These compounds have been examined 
for Barker’s theory in order to understand the magnitude and nature of various 

interactions between the components of these mixtures_ It has been concluded that the 

H-atom and one bromine atom of bromoform interact with the 5~ cloud of the 

aromatic ring. These conclusions have been supplemented by n.m.r. studies. An 

approximate distance of the bromoform proton from the plane of the aromatic ring 

has aIso been caIcuIated and examined in the light of the proposed geometry of the 

molecular compIexes. Equilibrium constants for the complexation reaction have also 
been determined_ 

Recent heats of mixing studies’ on the bromoform + benzene mixture hzve 
indicated that this mixture is characterized by specific interactions between its 

components. The present work forms part of a programme to establish how regular 

changes in the number and position of -CH3 substituents in the aromatic ring modify 

their excess enthalpies, HE, values, with bromoform. 

Toluene, c)-, m- and p-xylenes and bromoform were purified as suggested by 

Vogel’_ Purities of the t%naI samples were checked by measuring their densities; the 
results agreed to within 0.00002 g cm- 3 with those in the Iitcrature as reported 

earlier3m*. 
Excess enthalpies were measured in an adiabatic caIorimeter described earlier’. 

SampIes for n.m.r. studies were prepared by mixing bromoform and the aro- 

matic hydrocarbons in the n.m.r. tubes foilowed by dilution with a fixed quantity of 

an inert sofvent, cyclohexane. The inert solvent does not affect the nature af binary 
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interactions and it also helps to excIude self-association of the interacting species. 
lmmediately after preparation, a fixed quantity of tetramethylsilane (TMS), used as au 

internal reference, &as added in each case and the proton chemical shift of the bromo- 

TABLE 1 

MEASURED HEATS OF MTXmG ANi COMPARISON OF 
VALUES CALCUL4TED ACCORDING TO BARKER’S THEORY WI-I-H 
VALUES L-bZ-ERPOI;.4TED FROM THE MEASURED VALUES AT 
MOLE FRACi-iOXS X, OF COMPONE?JT 1 

Bronrofrrn (Z) f rohene (2) 
0.1750 --115.40 
0.2957 - 193.90 

(0_3WO) (-199-W) 
0.3278 -209.82 
0.3770 -231.02 
O-4563 - 25297 

(0.5030) (-260.W) 
0.5Cb%% -257.68 

Bromo/orm (I) + 0-&3Le (2) 
O-1368 - 196.80 
02857 - 354.r)5 

(03WQ) (- 350.00) 
03133 - 357.26 
ix.3510 - 397-70 
0.4264 -4136 
0.4527 - 420.34 
0.4915 -424.15 

Bromuform (Z) t m-xylene (2) 
0.1502 - 155.80 
0.2678 - 250.98 

(0_3GOO) (-275-W) 
0.3240 - 253.02 
0.389s -309.15 
0.4719 - 32020 

(!ISOOO) (-320-W) 
0.5036 -3lS.I I 
0.5534 -310_70 

l3romofonn (r)tp-xy-lcne (2) 
0.1479 - I7I.SS 
0.2163 - 240.03 
02578 -277JO 

(0-3Wo) (-31O.W) 
0.3225 -319.87 
0_3560 -339.12 
0.4394 -369.01 
O&i04 -373.63 

0.5568 
0.6348 

- 224.77 0.6546 
(0.x00) 
0.?017 
0.7476 

- 264.60 0.5067 
0.85 12 

-2525285 
-238.40 
-232-32 

(-205.W) -206.19 
-2II.SO 
- IS854 
- 146.70 
- 119.98 

(O-sooo) (-42O.W) -422.67 
0.5272 -424.10 

-362.17 0.5568 --3fS_50 
O-671 1 -36S.S4 

(0.x00) (-35o.W) - 360.83 
0.7063 - 344.67 
0.7435 -315.12 
0.7801 -2S1.02 
0.8554 -201.78 

0.6OW 
0.6215 

-262-14 0.6724 
0.6960 

(O-700(?) 
0.7054 

- 309.28 0.7318 
0.7624 
0.8368 

- 297.42 
-2SS.SS 
- 263.02 
- 245.05 

(-245.00) -248.45 
-241.80 
-224.13 
- 20266 
- 142.36 

(0.5WO) <-3SO.W) - 37266 
0.5628 -371.67 
0.5807 - 368.68 

-319.57 0.6398 -350.04 
(0_7Wo) (-3lO.W) -304.13 
0.7050 - 308.35 
0.7588 -270.12 
0.8064 -227.68 
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TABLE 2 

VALUES OF THE PARAMEXERS OF EQN(1) AND 
INTERACl-iON ENERGIES UI, U, FOR THE VARIOUS MIXTURES AT 308.15 K 

A B c a(W u, 
(J-I-‘) (Jmol-‘) $oF1) 

Bromofonn (1) + toluene (2) - 103t68 -100.31 400.68 0.51 51.80 - 169.02 
Bromoform (l)+c+xyIene (2) - 1693.98 -5.06 195.89 0.64 51.80 - 257.42 
Bromoform (1) Cm-xyiene (2) - 1278.88 150.21 30202 0.66 51.80 -201.97 
Bromoform (1) ip-xykne (2) - 1508.61 - 50.23 205.85 0.61 51.80 -232.76 

TABLE 3 

CHEMICAL SI-IIFJX 6 FOR BROMOFORhf IN 
V.4RIOUS AROMATIC HYDROCARBONS 

dippm) XI Wpm) 

Bromoform (I) + foluene (2), 6, = 6.295 ppm, K = I.0 
0.0378 6.362 0.1802 6.450 
0.0726 6.350 0.2076 6.548 
0.1430 6.459 0.2194 6.660 
0.1631 6.482 0.2496 6.649 

Bromoform (I) -?- o-xylem? (z), do = 6200 ppm, K = 1.60 
0.0517 6320 0_1443 6319 
0.0768 6.240 0.1652 6.360 
0.1091 5.308 0.1985 6.360 

Bromoform (2) f m-xylene (2). d, = 6255 ppm, K = I.07 
0.0435 6.358 0.1408 6.460 
0.0678 6.380 0.1743 6.528 
0.1071 6.458 0.1886 6.589 
0.1266 6.360 

Bromoform (I) -tp&enc (2). 8, = 6.285 ppm. K= 1.18 
0.0402 6.3443 0.1314 6.380 
0.0614 6-349 0.1650 6.468 
0.0906 6.358 0.2169 6.488 

form proton relative to TMS was detected on a Varian A6OD spectrometer using the 
side band method6. The chemical shifts were averaged over three determinations and 
were reproducibie to within 20.5 Hz. 

RSULTS 

The excess enthalpies, HE, are recorded in Table 1. The data were fitted to the 
expression 

HE 
x1(1--x:) 

= [h,+h,(2x,-l)+h,(2x,-l)q (1) 



xhere x1 is the mole fraction of bromoform The parameters ho, h, and It,, evaluated 
by fitting HE/x1 (1 -x1) to expression I by the method of Ieast squares, are given 

together Nlth the standard deviations a(HE) in Table 2. 
The proton chemical shifts of bromoform as a function of bromoform concen- 

tration at 298,15 K are recorded in Table 3. The total net shift of the bromoform at 

infinite dilution in the various solvents are listed in Table 3. All chemical shifts are 
upfield from TMS. 

DISCUSSION 

Heats of mixing for bromoform + toluene, io-, m- and p-xylenes are all 

ne@ive; exothermicity varies in the order toluene c m-xylene, tp-xylene -C o-xylene. 

The curves of HE against the mote fraction xt of bromoform are almost symmetricaI 

indicating that we are dealing with 1:l compIexes in solution. We are unaware of any 

data of HE at 30815 K Gth which to compare our results. The present data combined 

with previously reported heats of mixing data’ at 308.15 K for bromoform + benzene 

su~~ts that it is the A electron cloud of the aromatic hydrocarbons that is interacting 

wig bromofonn. 

In an alternate attempt to understand the nature of interactions between the 

components of these mixtures, n-e esamined our results for Barker’s theory’_ This 

generalized lattice model theory a!Iows a molecule of type 1 occupying rI sites on a 2 

coordinated lattice to have & = rr Z- 2r, i2 neighboring contact sites, each of 

which has a specific interaction energ): with the neighboring part of the surface of 

another molecuIe. These contact sites are further sub-divided into classes, the number 

in the Pth cIass of mokcule 1 denoted by Qbl. As bromoform has almost the same 

size as that of the various solvents used here, rI = rz = 2 and 2 = 4 have been used 

throughout this paper. Further bromoforrn has 2 classes of contact sites, the hydrogen 

atom is assumed to have one contact point Qu I of one class while the residual part has 

5 contact points QR , of another class. The non-polar solvents are all assumed to have 

contact points of one type only. The interactions considered were specific (HS), 

(Br-S) between the bromine atoms and hydrogen atom of bromoform with the various 
aromatic hydrocarbons (s), of strength z+ and a non-specific (H-l3r) interaction of 
strength u, , for ihe remaining contact points. Uz (excess energy at constant volume) 
valne5 were thefi calculated from 

where the parameters X depend upon the number of interactions of various contact 

sites of different classes in molecules 1 and 2 of the binary mixture. These parameters 

were evaluated by solving thz following simuktaneous quadratic equations with 

Certain assumed values of u1 and u2. 
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where q i = exp (- zrJRT) (i = 1 or 2), ul and u, are the interaction energies per moIe 
and R is the universal gas constant. For strict comparison Uz values should be 
converted to measurements at constant pressure, HE, but as even the indicated 
corrections’ to HE are small (~33 J mol- ‘) for the bromoform -I- benzene mixture, 
this was neglected for all the present mixtures. In this way HE values at x1 = 0.3, 
0.5 and O-7 were calculated_ These are recorded in Table 1 and they make an impressive 
agreement with their corresponding experimental vaIues. The thermodynamic 
consistency of these values of zft and I[~ could be checked by measuring GE for these 
mixtures; work for which is in progress. Nevertheless our 11~ and zt2 are comparable 
to their corresponding thermodynamic consistent values’ for bromoform + benzene_ 

An examination of the interaction energy? zttT of the mixtures of bromoform 
with those of the aromatic hydrocarbons indicates that both the hydrogen atom and 
bromine atoms of bromoform interact with the aromatics and that the interaction 
varies in the order toluene cm-xylenecp-xyleneco-xylene. As nuclear magnetic 
resonance is a valuable method of studying hydrogen bonding, it would now be 
instructive to examine n.m.r. data of these mixtures_ 

The tota net shift of bromoform at infinite dilution in the various soIvents are 
recorded in Tabte 3. It is evident that there is a large net shift of the n_m.r_ signal of 
bromoform proton in each of these solvents towards higher magnetic fields. This is in 
sharp contrast to the corresponding shift to low fields observed in hydrogen bonding 
involving Ione pair donors. A partial explanation of this different behaviour of the 
bromoform proton resonance in the aromatic solvents may be sought in the magnetic 

behaviour of the aromatic moIecu!es themselves_ The proton of bromoform may be 
visualized to ahign itself along the sis-fold axis of the aromatic ring and form a weak 
x complex with the SL eIectron cloud of the tin,, 0 thereby causing shielding of the bromo- 
form proton. The n.m.r. studies thus give additiona support to our conjecture about 
the nature of interactions between the components of these mixtures_ The interaction 
of the bromine atoms of bromoform with that of the aromatic hydrocarbons may be 
visualized as the accomodation of increased z charge on the ring of the aromatic 
hydrocarbons in the vacant d levels of one bromine atom of bromoform. The 
complexes may thus be assumed to have the following structure 

The results of proton chemical shifts of bromcform in the various solvents were then 
utilized to obtain a rough measure of the dis*ance of the bromoform proton from the 
pIane of the aromatic ring in the molecular complexes. In the calculations it is 
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assumed that in the moIecular complex the hydrogen atom of bromoform is above 
the pIane of the aromatic rin g in the vicinity of the six-foId axis. Considering the 
aromatic ring as a circular loop of radius a = 1.4 A, the applied field, El,, induces 
a cun-ezt expressed by* 

i = 3e2Ho~2;rmc (6) 
where e and m are the electronic charge and mass and c is the ve!ociq of light. The 
small field AEI on the axis of the circular coil of radius ‘a’ at a point p is given by 

AET = 2xiu2[r3 Q 

sothat 

- = 3ezti/mc2r3 = 6 (chemical shift in ppm) 
H (8) 

Avera_$ng over all orientations of the molecule in the field irtroduces a factor of 
cos’e=~sothat 

8 = e2a2/mczr3. c-9 

Ths the average distance of the bromoform proton from the plane of the ring in the 
various aromatic hydrocarbons is: bromoform + toluene, 2.06 A; bromoform -I- 
c~-xyIene, 207 A; bromoform -t- m-xyIene, 206 A; bromoform + p-xyIene, 2.06 A. 

This distance is evidently smaller than the corresponding distance9 of 3.1 A of 
the chloroform proton from the plane of the benzene ring in the chIoroform + benzene 
mixture This may be taken to suggest a comparatively strong interaction of the bro- 
mine atom with the z cloud of the aromatic ring in bromoform + aromatic hyciro- 
carbons than that in chloroform +benzene mixtures. The more electronegative 
chIorines in chloroform displace the charge on the C-H bond primarily towards the 
C atom thereby allowing only the proton of chloroform to interact (umbrella type) 
with the K cloud of the aromatic ring in the chIoroform + benzene mixture. The less 
electronegative bromine atoms in bromoform are unable to cause such a strong 
charge displacement so that the 3d levels of the bromine atoms are also abIe to take 
some more charge_ Consequently in bromoform -I- aromatic hydrocarbons mixture 
the proton and one bromine atom of bromoform are interacting with the z cloud 0; 
the ring causing thereby a shortening of distance. Equilibrium constants were then 
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caIculated assuming that 1:l complexes are formed according to the equation 

Br-C- H(A)* 
3 

(Bl-----AB (10) 

The equilibrium constant K is related to the actual mole fractions of the acceptor ZJ,+ 
(bromoform), donor (aromatic hydrocarbons) ED and complex CAD, respectively, by 

K= <AD/t-A<D (11) 

Fi;here SAD: CA and CD were evaluated from the stoichiometric mole fractions xA and 
xn by the relatiOnz5’“. 

x, = (CAD f 5JK5, f 5, + 2 L) (12) 

and xD = (CAD i 5J(5A + CTD i- 2 CA,) 

= (I + K) &/(1+ Kcn(2- en)) (13) 

The assumption that the ratio of activity coefficients ~~A~DhAD) z 1 has been shown’ ’ to 
be unlikely to Iead to serious error in K. The observed chemical shift S,, may be taken 
as a weighted average of the shifts in the complexed state a,,, and the uncomplexed 
state aA so that 

6 0b = sA~~~(~Af5AD))fSAD(5AD/(5A+4~)) = 6,+X(6,--s3 (14) 

where 

A series of K values were assumed and for each vaiue of K was foulAct by the method of 
Ieast squares the best straight lines for S,, against X. The best value of K was then 
taken to be that for which G = Z( bobs - S,,J2 is minimum. The uncertainty in K is of 
the order of &0.05. These K values are recorded in Table 3 and are consistent with the 
increased inductive effect of the methyl substltuent in the aromatic ring. 
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