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Abstract: Bimolecular interactions between 11 mononuclear aromatics (B) and carbon tetrabromide (A) in inert 
solvents (I) are investigated in the temperature range 1040” through four experimental techniques: (a) polariza- 
tion measurements, (b) nuclear magnetic resonance spectroscopy, (c) ultraviolet-visible spectrophotometry, and 
(d) gas-liquid chromatography (glc). From a it is found that the concentration of AB complexes is negligibly small, 
while b indicates the absence of significant B to A charge transfer (CT). No discrete CT bands are found with c, 
and previous c studies are questioned. Consistent with other direct and reliable evidence, it is concluded that A-B 
interactions primarily involve van der Waals forces and, more or less, random collisions. Solution theory is utilized 
to interpret the glc partition coefficients of B in mixtures of A + I, where I is squalane. It is estimated that A-B 
interactions are, on the average, about 1.023 times stronger than the geometric mean of A-A and B-B interactions. 

T he nature of the interaction between tetrahaio- 
methanes and mononuclear aromatics in inert sol- 

vents has been the subject of several recent investiga- 
tions and much controversy. In question are: (a) 
the contribution of charge-transfer (DS. electrostatic) 
interactions, and (b) whether the interactions are better 
described by 1:l complex formation or by statistical 
collisional (or “contact”) pairing. 1 The earliest evi- 
dence of CBrJaromatic complex formation came from 
solid-liquid phase diagrams with benzene’ and p- 
xylene,3 which suggested 1:l solid adduct formation. 
However, this “adduct formation” is undoubtedly 
favored by geometric packing effects in the solid state” 
(no evidence of adduct formation was found with m- 
xylene”) and has little bearing on the question of pos- 
sible complex formation in an inert liquid medium. 
Spectroscopic studies have provided inconclusive evi- 
dence as to the existence of bimolecular complexes and 
the extent of charge-transfer interactions and con- 
flicting values of equilibrium constants.5-9 TramerG 
observed uv shifts of a CBr, absorption edge which in- 
creased as the benzene ring became more alkylated, an 
effect which was ascribed to charge-transfer transitions, 
and obtained association constants which ranged from 
0.01 1. mol-’ for benzene/CBr., to 0.05 1. mol-’ for 
hexamethylbenzene/CBr4, certainly indicative of little 
or no complex formation. On the other hand, Person, 
et al.,* obtained a uv value of 0.23 1. mol-1 (from en- 
hanced CBr4 absorption in a different wavelength region 
than that analyzed by Tramer) and a Raman result of 
0.28 1. mol-’ for benzene/CBr4 at 25”. Moreover, the 
nuclear quadrupole resonance (nqr) spectrum of the p- 
xylene/CBr4 system was interpreted by Hooperl’I as 
being indicative of little, if any: charge-transfer inter- 
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action in the ground state and by Gilson and O’Kon- 
ski” as being consistent with a small amount. This 
may be contrasted with the suggestion9 (based on uv/ 
visible spectra and semiempirical molecular orbital cal- 
culations) that CBr4 interacts with the aromatic ring 
through electron acceptance by the empty d orbitals on 
bromine. 

In this paper four experimental techniques are em- 
ployed to investigate and characterize the interaction of 
CBr* with 11 benzene derivatives: (a) polarization 
studies (Le., dielectric constant and refractive index 
measurements), (b) nuclear magnetic resonance (nmr) 
spectroscopy, (c) ultraviolet-visible (uv/v) spectro- 
photometry, and (d) gas-liquid chromatography (glc). 
In agreement with the bulk of direct and reliable evi- 
dence, our findings are shown to be consistent with the 
concept of short-lived contact pairing involving, pri- 
marily, electrostatic interactions, the strength of which 
is evaluated by applying solution theory to the thermo- 
dynamic results from glc. 

Polarization Measurements 

Complex formation is accompanied by enhanced 
molar polarization in solution, resulting in a measurable 
dipole moment for the complex. In the terminology of 
Mulliken’s theory 12vi3 the dipole moment of the ground 
state of the complex arises from a combination of 
charge transfer from the donor (D) to the acceptor (A) 
(described by the dative bond wave function #(D+, 
A-)) and induced moments produced in one molecule 
by the electrostatic field of the other (described by the 
no bond wave function, $(D,A)). The latter is also 
referred to as the electrostatic or van der Waals contri- 
bution. l3 Dipole moment measurements can be used 
to help establish whether or not a complex actually ex- 
ists in a given system l4 and to provide some of the 
necessary data for assessing the extent of D to A charge 
transfer in a system where the existence of a complex 
has been established.lj 
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smaller than that of the CC1 ,/Ccl, pair (17 cm-l) anti 
less than a factor of 5 smaller than that of the benzene/ 
benzene pair (50 cm-l). They termed the hetero- 
molecular event a “sticky” collision. 

Nuclear Magnetic Resonance (Nmr) Studies 
Experimental. All nmr measurements were made 

using a Varian A&O/nmr spectrometer equipped with a 
variable temperature probe and controller. The only 
exceptions to this were several measurements made at 
high CBri concentrations which were carried out using 
a Bruker HFX-90 nmr spectrometer in conjunction with 
a Bruker B-ST 100/700 variable temperature probe. 
Both spectrometers were used in the IH mode. 

All spectra obtained on the Varian instrument were 
calibrated relative to internal TMS (0.5%) using the 
conventional side-band technique, which allows ac- 
curate measurement of the chemical shift independent 
of external variations in the magnetic field. For this 
purpose, a General Radio Oscillator 2C-2MC, Type 
1310A, was employed as an external oscillator, with the 
frequencies determined by a Hewlett-Packard Model 
522B counter. For the spectra which were recorded on 
the Bruker instrument, the internal lock system was 
employed and frequencies read out on a Hewlett- 
Packard Model 5216A 12.5-MHz electronic counter. 
For both the experiments run on the Varian and Bruker 
instruments; triplicate readings were taken for each 
sample, to a precision of kO.1 Hz. 

The aromatic solutes studied (benzene, p-xylene, and 
mesitylene) were Phillips 99.0% pure reagents. High 
purity chromatographic grade squalane (from Applied 
Science) and J. T. Baker Spectrograde cyclohexane were 
used as solvents. All chemicals were used withput 
further purification. The choice of squalane as one of 
the inert solvents for the nmr study was based on its 
use as the inert medium in the glc experiment (see 
later). Squalane, due to its high viscosity at the tem- 
peratures of these experiments, is not the ideal nmr 
solvent, since considerable line broadening is introduced, 
even for the strong singlet absorption of the dissolved 
solute. Nevertheless, squalane has been successfuIIy 
used as an nmr solvent by others.ZO’“l 

For our experiments the aromatic solute concentra- 
tion was kept constant at 0.02 M, while the concentra- 
tion of the CBr, was varied and kept in large excess 
(0.2-0.6 M in squalane and cyclohexane). In addition, 
to cover a larger “saturation fraction” range,?” we also 
extended our benzene measurements to approximately 
6 M CBrl in cyclohexane. (For the squalane solutions, 
the upper limit of CBrJ solubility is about 0.7 M at 
room temperature.) Solutions were made up at room 
temperature by weighing the required amount of CBrJ 
into IO-ml volumetric flasks and then adding 1 ml of 
aromatic stock soIution (exactly 0.2 M in squalane or 
cyclohexane). The flasks were then filled up to the 
lo-ml mark with the appropriate solvent and trans- 
ferred to 5-mm o.d. precision nmr tubes (Wilmad Glass 
Co.). The small quantity of aromatic liquid required 
in making up the stock solution was pipetted accurately 
into a IO-ml flask using a 5O-pL1 Hamilton syringe. All 

(20) C. Eon, C. Pommier, and G. Guiochon, J. Phys. Chen~., 75, 
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(21) A. B. Litriewootl and F. W. Wilmott, Trms. Farcda~~ SOC., 62, - 
3287(1966). 

(22) D. A. Deranleau, J. Amer. Chon. Sot., 91,4044 (1969). 

To test for possible complexes between CBrl and 
aromatics, dielectric constants and refractive indices 
were measured and analyzed using the procedure of 
GuggenheimlO and Smith,17 as utilized recently in the 
study of tetracyanoethyIene/aromatic complexes.‘” The 
CBr4 used in this and our other experiments was ob- 
tained from J. T. Baker Chemical Co., recrystallized 
twice from n-hexane, and refrigerated in a dark con- 
tainer as a precaution against photodecomposition (see 
later). Solutions were prepared at 20.00 =t 0.05” (the 
temperature of the experiment) by accurately weighing 
appropriate amounts of the aromatic solutes in lo-ml 
volumetric flasks and, then, adding sufficient 0.588 M 
solution of CBrl in n-decane to reach the lo-ml mark. 
The concentration of CBr., (fixed) was in excess of that 
of the solute (concentration range of 0.03 to 0.30 M). 

‘The dielectric constants of the solutions were measured 
by a WTW DMOl Dipole Meter, using a cylindrical 

’ gold-plated condenser cell, Type DFL2. The refractive 
indices were determined by the use of a Bausch and 
Lomb Abbe-3L refractometer. The dipoIe meter scale 
readings were calibrated and converted to dielectric 
constants (E) by the use of neat liquid reference sub- 
stances, for which E’S were known to within 0.1 ,T at 
20”. The temperature control was achieved with a 
Neslab PBC-2 immersion cooler and Vycor immersion 
heaters operated through a Fisher relay and a Beckman 
thermor,egulator. 

When the appropriate data plots1”-17 were made and 
analyzed, it was found that, within the limits of experi- 
mental error (less than 0.1 D), the dipole moments of 
benzene, p-xylene, and mesitylene were zero in the 0.588 
M CBr., solution, while those of chlorobenzene and 
toluene were 1.55 * 0.02 and 0.48 5 0.07 D, respec- 
tively. These values are in excellent agreement with 
those reported in inert so1vents18 and with those we 
determined in pure lz-decane (e.g., 0.47 i 0.09 D for 
toluene). 

Thus, it is apparent that the dipole moment or the 
concentration of these CBri/aromatic “complexes,” or 
both, are close to zero. It is conceivable, but unlikely, 
that complexes with zero dipole moment are being 
formed and, hence, could account for our measure- 
ments. However, it is not clear how such complexes 
could form without some charge transfer or distortion. 
Most likely, the concentration of complexed species in 
these mixtures is, effectively, zero. Sharpe and WalkerI 
have also found that the dipole moment data for CBr., 
in benzene do not indicate the formation of a polar 
complex between such components. Therefore, the 
polarization evidence suggests that CBr,/aromatic inter- 
actions do not produce bimolecular species which exist 
for a sufficiently long lifetime to be regarded as discrete 
entities. Most likely, CBr.:/aromatic interactions result 
in contact pairin,, m 1 the lifetime of which is of the order 
of the duration of a molecular collision. Support for 
this contention can be found in the submillimeter di- 
electric absorption studies of North and Parker.lg 
They found that the collision frequency of the Ccl,/ 
benzene pair (> 10 cm-l) was less than a factor of 2 

(16) E. A. Guggenheim, Truns. Fmday SW., 45,711(1949). 
(17) J. W. Smith, Trms. Fm~clnq Sm., 46, 394 (1950). 
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W. H. Frwnan, San Francisco, Calif., 1963. 
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Table 1. Ring Proton Frequencies ~1% (Hz) at Various CBr; Concentrations CA (m01 1.-l) - 
BenLenecvr p-Xylenev Mesitylene”.c Benzene”~d BenzenebFe Benzene”,f.e 

CA PI3 C.i vl3 CA VB CA YB CA VI? CA vi3 
0.000 433.7 0.000 415,s 0.000 399.1 c.000 432.5 St c.3 o.coo 433.1 0.000 643.5 

(432.5) 
0.201 433 2 0.201 414.7 0.2C9 398.5 0.198 432.6 i 0.6 0.198 433.4 4.054 649.5 

(433.2) 
0.300 432.8 0.300 415.5 0.29s 398.4 0.295 433.1 i 0.4 0.305 433.3 4.962 649.8 

(433.4) 
0.402 433.5 0.402 415.9 0.405 398.4 0.396 432.61 0.1 0.397 433.0 Sat soln 648.7 

(<6 M) (432.6) 
0.500 433 I 0.49s 416.2 0.492 395.3 0.492 432.9 i 0.2 0.501 433.5 
0,600 432.7 0.627 414.9 0.609 399.0 0.591 433.1rt 0.3 0.602 433.8 
Av” 433.2 zk 0.4 415.5 P 0.4 395.6 IO.3 432.8 i 0.2 433.4 i G.3 (432.9 i 0.4) 

a Saualane solution. b Cyclohexane solution. c 10.3 + 0.3”. d 30.1 & 1.7”. e 29.3 j, 1.5”. f 29.4 ZII 0.5”. 0 Measured on a Bruker 
90-M& unit. h Average and standard deviation of vertical column. 

solution concentrations were corrected for thermal 
expansion. The lower limit of solute concentration 
employed was governed by the magnitude of the in- 
strumental noise and the diffusiveness of the absorption 
Frequency. For these reasons, only symmetrical aro- 
matics (with single ring proton absorptions) were 
chosen for this study. 

To check if there was any appreciable shift of the 
TMS standard frequency with solution composition, 
several experiments were run with a coaxial cell em- 
ploying TMS externally as well as internally. The re- 
sults showed that the TMS frequency was independent 
of CBr., concentration. Finally, temperature determina- 
tion of the sample probe was achieved through the 
methanol calibration method of Van Geet.‘” 

Results. The following ring proton chemical shifts 
(in ppm) were observed in dilute squalane solution: 
7.23, 6.93, and 6.65 for benzene, p-xylene, and mesity- 
lene, respectively. The excellent agreement with the 
reported values for neat aromatic liquid’? (7.23, 6.90, 
and 6.69, respectively) indicates that there is little 
solven’t effect. In Table I are listed the observed fre- 
quencies of the three solutes at 10.3 i 0.3” at different 
concentrations of CBr, in squalane and cyclohexane. 
The standard deviations (based on triplicate measure- 
ment) listed for the benzene-CBr!-squalane system at 
30” reflect,‘in part, the thermal probe instability and 
are in the general range reported by others using the 
side-band technique.glaYZa”” Examination of Table I 
reveals that, within experimental error, there is little 
(if any) variation in the proton frequency with CBr., 
concentration, and, for benzene, there is little (if any) 
variation with temperature or inert soIvent. Note that 
the value Iisted at the bottom of each frequency column 
represents an average over all concentrations (with the 
corresponding standard deviation). 

Of particular note are the benzene values listed in the 
last two columns (highly concentrated CBri solutions), 
which are in good agreement with those in less concen- 
trated solutions. It is apparent that even at these high 
concentrations the ring proton is virtually unperturbed 
by the presence of CBr,. In addition, comparison of 
the values in parentheses in the last column (Bruker 
results converted to 60 MHz values) with those ob- 

(23) A. 1.. Van Gcet, A/IN/. Cite,?~., 40, 2217 (1968). 
(24) “Sadtier Standard NMR Spectra,” Sudtltx Kcsoarch Laborn- 

tories, Inc., “hiladclphia, Pa. 
(25) R. Foster antI C. A. Fyfc, Trc~i~s. Ftwciny SOC., 61, 1626 (i965), 
(26) S. Xishimura, C. H. I< c, and N. C. Li, J. /Inier. Clrcm. Sot., 90, 

234(196S). 

tained with the Varian instrument gives added con- 
5dence in these measurements. 

There are nmr results reported for similar systems 
which corroborate our findings. Schug’? noted that if 
a CCl,/benzene complex does indeed form, then its 
chemical shift relative to uncomplexed benzene must be 
relatively small (i.e., appreciably less than 1 ppm). 
Foster and Fyfe’j have found a frequency shift of only 
0.04 ppm for the hexamethylbenzene absorption when 
solutions in CC& were successively diluted from 0.6 to 
0.01 M. 

Thus, given that no significant frequency shifts were 
observed up to very high CBr, concentrations, the nmr 
experiment indicates that there is no significant with- 
drawal of electronic charge from the aromatic ring 
system, i.e., that charge-transfer forces play, at best, a 
minor role in CBrJaromatic interactions. This finding 
is consistent with the nqr results cited previously loa li 
and the conclusion reached by Person, et 01.~ 

Ultraviolet (Uv) Studies 
All of our spectral observations cited below were 

made with a Cary Model 14 uv-visible spectrophotom- 
eter. Precision Scientific Corp. cylindrical cells (l-mm 
path length) were used and spectra were recorded 
against a solvent blank in a matched cell placed in the 
reference beam. All solutions were degassed of OS by 
purging them with a stream of Ns gas. Examination of 
the uv/visible spectra for many CBr.,/aromatic solutions 
(in cyclohexane and n-hexane) revealed no discrete 
bands which could be assigned to charge-transfer (CT) 
transitions. 

Two groups have carried out quantitative uv work 
on aromatic/CBr, systems. TramerG analyzed th? uv 
shift to higher wavelength (region of 2900 to 3600 A) of 
an absorption edge (attributed to CBr4) as aromatic 
material was added to CBrJn-hexane solution at room 
temperature. The shifts increased as the benzene ring 
became more alkylated, as did the estimated association 
constants K (1. mol-‘): 0.01 (benzene), 0.02 (toluene), 
0.03 (p-xylene), and 0.05 (mesitylene). Person* ex- 
amined absorption enhancement in the region 2300- 
2900 A as benzene was added to CBr Jcyclohexane so- 
lutions at 25”. In striking disagreement with Tramer, 
a K value of 0.23 was estimated and was supported by a 
Raman result of 0.28. Also, from uv measurements* 
at 10 and 40”, the surprising result was obtained that, 
within experimental error, AH of association was zero. 

(27) J. C. Schug, J. PhJ’$. Chem., 70, 1816 (1966). 
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saturation fraction range”” covered in these studies 
does not seem to be adequate to establish the existence 
of 1: 1 complexes. 2Z, r8, 3o Also, only one group4’ re- 
ported the degassing of samples, in spite of the possible 
complicating effects associated with the presence of 
0% 3Z-37 Considering these and other error-causing 
factors,4” it is perhaps not surprising that such a wide 
range of K values has been reported, e.g., for CCl.Jhexa- 
methylbenzene at 25 ‘: 0.02 + 0.01," 0.55 i 0.16,"" 
0.64 * 0.12,41 and 0.04 * 0.044y 1. mol-1. In light of 
the above and previously cited findings,l”,?“f’7 it ap- 
pears that little reliance can be placed on these uv re- 
sults, although those of Hammond4” seem the most 
defensible. 

Thus, while some uv evidence exists, for CT inter- 
action in CBrJaromatic systems, the extraction of 
reliable association constants from the uv measure- 
ments is hardly possible, particularly with the absence 
of discrete CT bands and the presence of various com- 
plicating factors. The bulk of direct and reliable evi- 
dence indicates that the concentration of complexed 
species is negligible. Furthermore, as has been noted 
by many13~28,43 the mere appearance of a CT band (or 
spectral shift) reveals nothing about the nature of the 
heteromolecular interactions. Current evidence (in- 
cluding this study) points to the predominance of elec- 
trostatic or van der Waals interactions in CBr,/aro- 
matic systems. 

Gas-Liquid Chromatography (Glc) 
Background. In recent years a glc approach has 

been developed and used to study organic complex 
formation. Thermodynamic association parameters (K, 
AH, and AS) have been measured for systems involving 
alcoho144-47 and haloform 48,4g hydrogen bonding and 
aromatic/aromatic complexes.So,“l Quite recentlyj? it 
was shown that, rather than yielding the formation con- 
stant for 1 :l complexes as a separable term, the glc 
method always gives the .s~m K + a, where K is the 
true formation constant and cy is a contribution from 
noncomplexing or “physical” interactions between the 
acceptor and donor. Others”R-jj have considered the 
general thermodynamic aspects of this problem. While 
nonthermodynamic measurements (e.g., spectroscopic 
ones) yield K values (called “sociation” constants by 
GuggenheimS3) separately,j” thermodynamic ones (such 
as glc) always reflect a combination of “chemical” and 

(40) R. Anderson and J. M. Prausnitz, J. Churl. Phys., 39, 1225 
(1963). 

(41) R. F. Weimer and J. M. Prausnitz, J. Chern. PIzys., 42, 3643 
(1965). 

(42) L. A. Eurkhardt, P. R. Hammond, R. H. Knipc, and R. R 
Lake, J. Chern. Sot. A, 3789 (1971). 

(43) T. Matsuo and 0. Higuchi, Buil. Cilew. Sac. Jup., 41, 515 (196s). 
(44) D. E. Martire and P. Ricdl, J. Phys. Chem., 72,347s (1965). 
(45) D. F. Cadogan and J. H. Purnell, J. Phys. Chrm., 73, 3489 

(1969). 
(46) R. Vivilecchia and B. L. Karger, J. Amer. Chcm. Sot., 93, 6598 

(1971). 
(47) H, L. Liao and D. E. Martirc, J. Amer. Chem. Sot., 96, 2058 

(1974). 
(48) J. P. Sheridan, D. E. Martire, and Y. 13. Tewari, J. Amer. Chem. 

Sm., 94,3294(1972). 
(49) J. P. Sheridan, D. E. Martire, and F. P. Bnnda, J. Amer. Chem. 

Sk., 95,478X (1973). 
(SO) D. F. Cadogan and J. H. Purnell, J. C/rem. Sot. A, 2133 (1968). 
(51) J. P. Sheridan, M. A. Capeless, and D. E. Martire, J. Anwr. 

Chem. sot., 94,3298 (1972). 
(52) D. E. Martire, Awl. Chem., submitted for publication. 
(53) E. A. Guggenheim, Tmns. Fcvadny Sm., 56,1159 (1960). 
(54) J. E. Prue, J. Chen~. Sot., London, 7534 (1965). 
(55) R. L. Scott, J. Phys. Chem., 75,3843 (1971). 

We question a number of aspects of both studies, par- 
ticularly the reliability”~SS-30 of such small K values, 
obtained, in fact, from shifts or enhancements rather 
that well-defined CT bands. 

As a precautionary measure, Person, et a1.,8 added a 
small amount of ally1 alcohol (0.02-0.05 M) to their so- 
lutions to remove any Brs formed by uv-induced CBr., 
decomposition. However, it is conceivable that the 
addition of such an active component may have intro- 
duced competitive equilibrium processes; e.g., CBrJ 
olefinic complexation 31 or hydrogen bonding to ben- 
zene. It is possible that residua1 Br,! remained in the 
system (no purification of CBr L reported8), which would 
have introduced other error-causing factors, e.g., com- 
petitive BrJbenzene association and spectral inter- 
ferences. A distinct B;,/benzene CT band with a max- 
imum at about 2920 A has been observed and asso- 
ciated with substantial complex formation.“‘*R” We 
have confirmed the above band in benzene/BrJcyclo- 
hexane mixtures and the fact”” ttat Brz in cyclohexane 
absorbs in the region 2000-3000 A (maximum at about 
2500 A). 

Tramer initially purified his CBr., but was not con- 
cerned about possible Brz-induced artifacts (from uv 
decomposition of CBr,). Of note is the fact that w,e 
observed an absorptio? band starting at about 3300 A 
and peaking at 4240 A for BrZ dissolved in n-hOexane 
and a higher wavelength band (starting at 3650 A) for 
Br, in benzene. Furthermore, Tramer made no cor- 
rection for “donor” absorption. 

Another questionable point is the failure to deoxy- 
genate the reagents used. It has been reported that 02 
forms weak CT complexes (or contact pairs) with aro- 
matics3”‘aG leadingot singlet-triplet transitions in the 
region 2700-3400 A. We purposely oxygenated CBrJ 
benzene/inert soIvent mixtures andOobserved increased 
absorption in the region 2.500-3500 A relative to spectra 
obtained with Nz purged mixtures. A confirmation of 
this is provided by Thomson and de Maine”? who found 
enhancement in uv spectra of CCL/benzene mixtures 
undergoirig absorption of 0, from the atmosphere. 
Noteworthy were the erratic K values obtained with so- 
Iutions containing more than 20% benzene by volume. 
Also, Koblitz, et a1.,38 have reported on the photo- 
chemical oxidation of CBr., to bromophosgene and Brp 
at 4360 A, and Bayjiss and Rees3” observed a CT band 
for Brz/Oz at 3125 A. The interplay of all these factors 
presents a host of intriguing possibilities, some of which 
could have produced spectral perturbations in the 
wavelength regions studied.Gj8 

We would also like to call attention to the several uv 
studies on aromatic/CC& systems.“~2”~40-4’ First, the 

(28) W. B. Person, J. Amer. Chem. Sot., 87, 167 (1965). 
(29) D. R. Rosseinsky and H. Kellawi, J. Cho?7. Sot. A, 1207 (1969). 
(30) E. L. Heric, J. Phys. Chem., 73,3496 (1969). 
(31) G. P. Brown and J. P. Simons, Trrrns. Fuxrcla~ Sot., 65, 3245 

II 969). 
~ -(i2j N. S. Bayliss, .vu~re (LoI&~& 163,764 (1949). 
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Table II. Solute Partition Coeflicients with SquakuIe, (K~I)I 

Solute 10.0” 20.0” 30.0" 40.0” 
1. Benzene 
2. Toluene 
3. Ethylbenzene 
4. o-Xylene 
5 iu-Xylene 
6. p-Xylene 
I. +Propylbenzene 
S. Isopropylbenzene 
9. Mesitylene 

10. Fluorobenzene 
I I. Chlorobenzene 
12. Cvclohexane 

921 i 1 
3,498 xk 6 

10,390 i 40 
15,510 * 40 
12,S30 i 30 
12,540 zk 30 
30,520 f 80 
21.700 i 50 
46,900 zk 200 

923 3.2 2 
7,580 rt 20 
1,283 31 6 

613 i 1 
2,152 i: 4 
6,037 k 2 
8,990 zt 20 
7,350 + 20 
7,190 * 20 

16,620~ 40 
12,070 F 30 
24,700 zt 100 

607 iz 1 
4,490 j, ia 

837 zk 4 

419 i 1 
1,368 zk 2 
3,635 31 9 
5.310 * 10 
41370 z!I 10 
4,240 f 30 
9,430 i 30 
6,980 zk 20 

13,630 zk 70 
411 f 1 

2,759 zk 6 
561 c 3 

293 8 i 0.4 
895i 1 

2,263;3 
3.244 I, 3 
2,687 k 3 
2,625 ?r 3 
5,550 2~ 10 
4,19c i 2c 
7,790 zt 20 
285.5 zk 0.3 
1,749 i 2 

386 i 2 
13. Metbylcyclohexane 21790 h 10 1,739 i: 9 1,118 + 5 741 dz 5 

“physical” contributions (K and 01: respectively, in this 
case) which cannot be separated without the aid of a 
detailed molecular model. 

The following general glc expression was derived,j” 
considering terms up to C’.h2 

(KR).\I = (KR)I[I + (f& + @)CA + 

Kl(ocl + K2 + PJCAQl (1) 
where Ca is the concentration of additive A (CBr‘, in 
this case) mixed with inert solvent I (squalane, in this 
case), (K& is the partition coefficient of solute B (aro- 
matic, in this case) on a column containing pure I, 
(K& is the apparent partition coefficient of B on a 
column containing A + I at concentration CA, JG is the 
AB complex formation constant, aI is the contribution 
from random A-B interactions between unconzplcxed 
A and B, K2 is the A2B complex formation constant, and 
p1 results from the nonideal mixing of A and I. Also, 
the condition ‘CA >> Cg applies. 

taining meaningful and accurate retention volumes”8 
are described elsewhere. Net retention volumes (Yx) 
and specific retention volumes (V,‘) were measured for 
the 78 systems (13 solutes, each at six concentrations) 
at the four temperatures. The YX values were con- 
verted to partition coefficients (KR) through the ex- 
pressionj l VX = &V, where V is the total volume of the 
liquid phase (A + I) in the column. 

Results. Equation 1 can be rearranged to give 

y = [((KR),/(KR)I ] - 11/c, = 

Experimental. High-temperature glc analysis of our 
CBr, and squalane indicated purities in excess of 99% 
for both. Mixtures of the two developed a reddish 
brown color when left on a laboratory bench over a 
period of several weeks (most likely due to photode- 
composition of the CBr, in solution). However, all 
columns were made immediately after mixing, and the 
glc experiment was performed with opaque columns 
through which a continuous stream of He (the carrier 
gas) passed. Six different concentrations (Ca) of 
CBr, in squalane (0.000, 0.125, 0.251, 0.371, 0.506, and 
0.666 mol 1.-l) were prepared at 20.0”. The densities 
of the various solutions (A + I), which are required for 
the computation of the concentrations at the other ex: 
perimental temperatures, were determined by pycnom- 
etry. The reference liquid was 99.9% pure IT-octane 
(Phillips Petroleum Co.), the density of which is known 
to four simnificant fi g . ures sc, The measured solution 
densities azd concentrations at IO, 20, 30, and 40” are 
tabulated elsewhere.“7 Since solute purity is not an 
important consideration in this work, the solutes were 
used without further purification. The II aromatic and 
two alicyclic solutes studied are listed in Table 11. The 
method of column preparation and analysis,5s the glc 
apparatus used,“” and the procedure followed for ob- 

The results for the 13 solutes were analyzed at all 
four temperatures through eq 2. Straight lines of 
effectively zero slope (random scatter of the data points 
about the horizontal lines) were found for plots of Y vs. 
Ca, thus indicating that the term in CA2 (eq 1) was 
negligibly small. This is consistent with our previous 
conclusion that Kl = 0 for these systems. Accord- 
ingly, the results obtained from the glc experiment will 
be referred to as a values (dropping the subscript 1). 

The expression 

(KR).II = (mdl + acAl (3) 
was therefore utilized in least-squares analysis of (K& 
as a linear function of Ca. Linear correlation co- 
efficients in excess of 0.995 were found for all systems. 
The values of (K& (from the intercepts) and the values 
of Q: (from the slopes) are listed in Tables II and III, 
respectively, along with the corresponding standard 
deviations. The values in Table II are in excellent 
agreement (average difference of =kO.2 2) with the 
(K&‘s actually measured with pure squalane. The 
expression 

-R In OL = (AH/T) - AS (4) 
was used to determine the concomitant enthalpies and 
entropies of contact pair interaction from the tempera- 
ture dependence of CX. The AH and AS values are 
listed in Table III. 

(56) R. A. Orwell and P. J. Flory, J. Anger. Chem. Sot., 59, 6814 
(1967). 

(57) G. M. Janini, Ph.D. Dissertation, Gcorgctown University, 
1972. 

Interpretation of the Glc Results 
Examination of Table III reveals that neither LY nor 

AH correlates with any obvious single aromatic prop- 
erty (e.g., ionization potential, dipole moment, polar- 
izability, etc.). Undoubtedly, one could devise an 
empirical scheme involving a linear combination of 

(58) Y. B. Tcwari, D. E. ;Martirc, and J. P. Sheridan, J. P/IJJS. Chenr., (59) D. G. Willey and D. E. Martire, kfol. Crust. Liqilid Cr~sf., 18, 
74,2345,3263 (1970). 55 (1972). 
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Table 111. \‘ahes Of (Y (1. mO~-‘~, AH (kJ mol-I), and AS (J mol-’ deg-‘) 

_--_l ___------_-- ~~~~~~-~~~~ _--_--_ 
SOlUte 10.0” 20.0" 3O.C" 40.0" -AH -3s 

1. Benzene 0.415 zk 0.005 0.3% i 0.005 0.362 i. 0.005 0.336 k 0.004 5.2 i 0.2 25,j i- 1 5 
2. Toluene 0.497 zt 0.005 0.461 * 0.005 0.430 i 0.005 0.401 I- 0.004 5.3 j, 0.2 24 4 i 0.5 
2. Ethylbenzene 0.559 f 0.011 0.519 A 0.008 0.484 i 0.008 0.450 4 0.005 5.4 i 0.3 24.1 ?I 1.1 
4. o-Xylene 0.049 * 0.00s 0.519 i- 0.009 0.543 i O.OOS 0.495 i 0.008 6.6 & 0 2 26 9 k 0.6 
5. mXylene O.Sl3 b O.COS 0.451 zk 0.00s 0.454 i 0.007 0.425 * 0.003 4.7 i 0.2 22 2 i 0.8 
6. p-Xylene 0.565 k 0.010 0.522 i 0.008 0.500 It 0.021 0.448 i 0.003 58&04 25 I i 2.6 
7. iz-Propylbenzene 0.557 Lk 0.008 0.517 i- 0.00s 0.454 i 0.008 0.436 2 0.008 1.9 rt 0.3 '2.3 i 1 0 
8. IsopropylLx~~zene 0.545 i 0.008 0.502 I- o.cos 0.467 L 0.009 0.433 ?I 0.011 5.6 i 0.3 24.9 i 1 0 
9. lMesitylene 0.536 f 0.015 0.504 -t 0.015 0.47s i 0.01s 0.446 i o.co9 4.5 i 0.3 20 9 i !.2 

10. Fluorobenzene 0.668 zk 0.007 0.607 zk 0.037 0.566 4 0.007 0.521 10.004 6.0 i 0.2 24.6 * 0.7 
11. Chlorobenzene 0.764 IO.008 0.695 iI 0.007 0.636 L 0.009 0.5SO i 0.005 6.7 zt 0.3 26.1 *I I 
12. Cyclohexane 0.041 P 0.002 0.042 * 0.002 0.041 4 0.002 0.042 i 0.002 
13. ~lethylcycloilexane 0.0% A 0.002 0.057 i 0.002 0.057 LI 0.002 0.054 IO.002 

various properties to correiate the results. However, a 
more fundamental interpretation is feasible (see below). 

The AH values were tabulated mainly to give an 
indication of the stabilization energies in these systems. 
It is clear that they are neither very weak (<<RT) nor 
very strong (>>RT). Their magnitudes (around 2RT) 
fall into a “gray area,” where it becomes impossible to 
ascertain, OIZ ihe basis of the AN dotcr nIme,~8 whether or 
not true complexes exist in these systems. In this re- 
spect, the terminology “sticky collisions” is as good a 
description as any.‘” Accordingly, given the pre- 
viously cited evidence, we will continue to regard the 
heteromolecular events as random, short-lived col- 
lisions that primarily involve van der Waals forces. 
Consistent with this premise, the solution model de- 
scribed below will be shown to give a physically reason- 
able interpretation of the a! values (and their tempera- 
ture dependence) in terms of electrostatic interactions. 

It has been shownS?xGO that 01 can be related to the 
infinite dilution activity coefficients of B in M(y31~) and 
Bin l(rI*) through the equation 

-yI”V+QC&i = 1 + CYCn (5) 

where ~1 and uJI are the molar volumes of I and the 
mixture M (A + I), respectively. Equation 5 has al- 
ready been treatedZZtFo for the case aCI << 1, a condi- 
tion which unfortunately does not apply here. Ac- 
cordingly, to relate cli to molecular energetic parameters 
the following simplifying assumption is made: that a is 
independent of composition up to the hypothetical 
(since it is unattainable at these temperatures) state of 
pure “molten CBr ,.” Equation 5 then gives (with 
M = A) 

ypL;r/y;\*ua = 1 + Qu:\-l (6) 

where the v’s now have units of liters per mole and G.% is 
the molar volume of the “molten CBr.,” (see below). 
Assuming random mixing and taking into account the 
combinatorial term due to the molecular size difference 
between the solute (B) and the solvent (A or I), the ac- 
tivity coefficient in solvent j can be written in the fol- 
lowing general form”* 

In yy = ]nL;” + 
( > 1 - $ + Xi” (7) vj 1 

where ~1~ is the solute molar volume and xj” is the SO- 

(60) I-1. L. Liao and D. E. &lartire, A/m/. Cl~enr., 45, 2057 (1973). 

called “interaction parameter.” Taking the logarithm 
of both sides of eq 6 and inserting eq 7: one obtains 

In (1 + ~5a-l) = ~~(c~-l - DI-I) + xxB - xXB (9 
The parameter of interest, x-l”, was evaluated as fol- 

lows. YI” was determined from the (K& values in 
Table II and pure solute properties”’ in the usual 
mannerSOzjl,js and XI= then obtained through eq 7. 
The densities necessary to compute VB at the four tem- 
peratures were available,“l while those for component 1 
were measured.j7 (The values of VI are: 0.5186 (IO’), 
0.5227 (20”), 0.5269 (30”), and 0.5331 1. mol-l (40”).) 
The apparent molar volume of CBr.l was estimated from 
the measured solution densities and concentrations”7 by 
the standard procedure”” and was taken as being the 
appropriate 0.1. The values are: 0.1053 (lo’), 0.1060 
(20”), 0.1066 (300), and 0.1073 1. mol-? (40”). With 
these v’s and xlB’s, the x:iB’s were determined for the 13 
solutes at the four temperatures. As a check on our 
procedure and assumptions, published high-tempera- 
ture (93-124’) V,’ data6” for the system benzene + 
molten CBre were extrapolated to 40”, and y.kB was 
calculatedSs at that temperature. The resulting y.iB 
(0.86) is in good agreement with that calculated in our 
hypothetical “molten CBr.,” state at 40” (0.83) through 
eq7and8. 

Assuming that x.a B is totally energetic in character 
(i.e., that the “structural” contribution to x.iB is neg- 
ligibly small), one haS”‘s64,GS 

where L/B is the configurational internal energy of the 
solute at temperature T and the E’S refer to pairwise 
potential energy well depths per equivalent surface.F4 
The E’S are absolute quantities and should be regarded 
as angle-averaged, effective spherical values. They 
reflect all types of interactions between the given pair, 
i.e., dispersion, induction, etc. The UB’s, which are 
negative, can be estimated at the four temperatures of 
the experiment from available6’ enthalpies of vapor- 

(61) R. R. Dreisbach, Adccr~z. Chem. Ser., NO. 15 (1955). 
(62) E. A. Moelwyn-Hughes, “Physical Chemistry,” Pcrgamon 

Press, NW York, N. Y., 1957, p 755. 
(63) 1. W. King and P. R. Quinncy, J. Chronido::r., 49, 161 (1970). 
(64) I. Prigogine (with the collaboration of V. Mathor and A. 13cllc- 

m21W4, “The ~Molecular Theory of Solutions,” North-Holland I’ub- 
lishing Co., Amst?rdalll, 1957, Chapters 11, 16, and 17. 

(65) G. 34. Janini and D. E. Martirc, J. P/JJ’s. Chem., SubnlittCtl f01’ 

publication. 
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Table IV. h~lolecular Energetic Paramererr 

Solute 20 6u En 
I. Benzene 0.0149 -c 0.0006 o.oso9 1.018 
2. Toluene 0.023s zk o.ooc7 0.0696 1.023 
3. Ethylbenzene 0.0224 +I 0.0009 0.0599 1.023 
4. o-Xylene 0.0297 f 0.0014 0.0854 I .025 
5. rj7-Xylene 0.0221 i O.OCO8 0.05ss 1.023 
6. p-Xylene 0.0287 i 0.0014 0.0552 1.026 
7. t+Propylbenzene 0.0162 2 0.0010 0.0419 1.022 
S. Isopropylbenzene 0.0145 i. c.0012 0.0387 1 021 
9. Mesitylenc 0.0183 rk 0.0013 0.0503 1.022 

IO. Fhlorobenzene 0.0227 i 0.0004 0.0570 1.024 
I I Chlorobenzene 0.0339 ?!I 0.0004 0.1477 1.023 
12. Cyclohexane -0.0523 * 0.0013 0.0000 0.997 
13. Methylcyclohexaile -0.0452 zk O.CO22 -0.0264 1 .oc3 

Av” 1.023 i 0.002 

a Least-squares fit to eq 14 yielded a value of (1 + 6~) = 1.47 k C. 10 from the intercept. Analysis of the slope and intercept gave tn = 
1.023 i O.OC5 for Ihe aromatic solutes. Correlation coefficient 0.991. h Average for aromatic solutes only (l-l 1). Column values com- 
l)Llred from eq 14 with (1 f SA) = 1.47, Quoted standard deviation is the standard deviation of the mean. 

ization (AHE) through the expression 

UJ: = -AH, + RT (10) 

The results for 28, computed using eq 9 and 10 and the 
determined x.,~ values, are summarized in Table IV. 
These represent values averaged over all four tempera- 
tures, since it was found that, as expected, 28 was vir- 
tually independent of temperature (note the small stan- 
dard deviations). Of interest is the fact that the 20 
values are positive for the aromatic solutes and negative 
for the alicyclic ones. This indicates that unlike inter- 
actions (E.\~) are stronger with the former solutes and 
weaker with the latter solutes than the arithmetic mean 
of like interactions, which is a physically reasonable 
result.G”~6c Furthermore, strong A-B interactions are 
consistent with the negative enthalpies listed in Table 
III. 

A more quantitative assessment of the interactions 
present in these systems is possible through Kreglew- 
ski’s”? successful semiempirical approach. Let us 
arbitrarily choose cyclohexane as the “reference” so- 
lute and denote it by B’. Kreglewski has shown that 

tJ313 
-3 1 + 61, = 

TCB/( y::: 1J’/3 

(11) 
Eli’J5’ 

T”Ii,/( v*B/)‘iJ 

where Tc is the critical temperature and V* is the molar 
volume at T = 0.6Tc. Values of SD, as calculated from 
available density and critical temperature data6’ 
through eq 11, are listed in Table IV. Note that TCB/ 
(P,,)’ ,’ is 114.6 deg cm-’ moI-1.‘3 for cyclohexane. 
Adjusting the 20’s to the same common reference point 
(cyclohexane), we obtain 

28EU” = 2(j( 1 + Fj,,) = s!+ I2L! -22!+ (12) 
Qi’lS’ Elj’H’ 

where E.~.JE,~w (= 1 + 8,) is not known (no critical 
data available for CBr.,). Utilizing a modified geo- 
metric mean combining rUkG” for c.m 

E.11: = ~!i(eA.~EI~JJ)l~'i (13) 

where :U is close to unity, and combining eq 12 and 13, 

(66) J. S. Ro\~lmaon, “Liquids and Liquid Mixtures,” 2nd cd, Plenum 
Press, NW York, N. Y., 1969, Chapters 7 and 9. 

(67) A. Krcglcwski, J. Ph),s. Cham., 71, X60 (1967); 72, 1579, 2280 
(196s); 73,3359 (1969). 

one has 

(28 + 1x1 + Sd = 
2.$,,(1 + S,)“f I + sup’? - (1 + 6.i) (14) 

Considering the aromatic solutes only and assuming 
that & is (roughly) constant, least-squares analysis of 
the data for (20 + l)(l + 6,) as a linear function of 
(1 + 8B)“z yields values of 1 + 8.4 = 1.47 (from the 
intercept) and & = 1.023 (from the slope and inter- 
cept). The 4~ values for the indioidzrul sobrles that lead 
to perfect agreement with the experimental 20’s are 
listed in Table IV. Note that the aromatic tn’s cluster 
closely around the mean value (standard deviation of 
only 0.002) and are numerically reasonable”” for the 
strong A-B interactions involved. As a further test of 
our model, the t8’s were calculated (r;ia eq 14) for the 
two alicyclic solutes. The results (Table IV) average 
1.000 i 0.003, indicative of the applicability of the 
geomefric mean expression for the weaker alicyclic/ 
CBra interactions.+jG 

Conclusion 
The proposed solution model, based on random 

mixing and van der Waals interactions, leads to con- 
sistent and realistic molecular energetic parameters for 
A-B interactions. Aromatic/CBr, interactions are 
clearly stronger than the geometric mean of like inter- 
actions. Given the highly polarizable r electrons and 
the polarizable bromine atoms, dispersion interactions 
are probably quite strong in these systems. Addi- 
tional contributions might come from interactions be- 
tween the C-Br bond dipole and the aromatic induced 
dipole or quadrupole, or, in some cases, permanent 
dipole (e.g., note the large 20 value for chlorobenzene). 
It would be purely speculative to attempt further anal- 
ysis of the e,\B results. They undoubtedly represent 
statistically averaged values over all relative orienta- 
tions of A and B, and, as such, some knowledge of the 
potential energy surface would be required for more de- 
tailed interpretations. Finally, it should be noted that 
the time scale of aromatic-CBrr interactions clearly 
needs finer definition. To this end, dielectric absorp- 
tion studiesJg,G8 would be most useful. 
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