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are indicative that interactions between like and unlike mole- 
cules are competitive In strength. Then sulfolane, at low con- 
centrations, limits its role to a disturbing effect on self-asso- 
ciation of the component (1) (positive HE values); but with in- 
creasing sulfolane content, strond dipolar interactions between 
the two substances result in negative HE values. Interactions 
should be more intensive in the case of benzonitrile than ni- 
trobenzene according to a more favorable geometry of the 
molecule. 

Registry No. Sulfolane, 126-33-0; dimethyl sulfoxide, 67-68-5; nitro- 
benzene, 98-95-3; bezonitrile, 100-47-0; carbon tetrachloride, 56-23-5; 
dioxane, 123-91-1; benzene, 71-43-2. 
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I nfinite-Dilution Partition Coefficients for Haloalkane Solutes in 
Squalane-Dinonyl Phthalate Solvent Mixtures at 30.0 C 
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Using ges-llqukl chromatography, we obtained 
lnflnlte-dllutlon partmOn and actlvlty coetllclents at 30.0 OC 
for n-pentane and six haloalkane W e s  In pure squaiane, 
In pure dinonyl phthalate, and In flve mixtures thereof. 
Where appropriate the results are contrasted wlth those 
from previous studies. Partltlon coeffklents were found to 
dlffer by as much as 10% from those calculated from the 
partition coefflclenis for the pure slngle solvents by using 
the Purneli-Andrade equation. Theoretical expressions 
derived by Harbhn et ai. fitted the data wlthin 
experimental error and were used to calculate interaction 
parameters. The results Indicated the exlstence of a 
weak 1:l complex between each of the haloalkane 
solutes and dlnonyi phthalate. The assoclatlon constants 
of these complexes were evaluated and their trends were 
qualltatlvely Interpreted. 

represents molar volumes, and xccB! is the Flory-type inter- 
action parameter characterizing B-C interactions. 

While eq 1 (and extensions of it to solvents of up to five 
components (3)) has been used in the window diagram method 
(3-5) for optimizing chromatographic separations, several 
studies (2 ,  6-  70) have shown that it remains an approximate 
description of the true physical situation. In these studies 
nonlinear KOR(,) vs. 4 plots were obtained. In  two of these 
studies ( 2 ,  70) eq 2 fitted the results to within experimental 
error. 

In  this study infinitedilution partition coefficients were ob- 
tained at 30.0 O C  from GLC for n-pentane and six haloalkane 
solutes in squalane (SQ)-dinonyl phthalate (DNP) solvent mix- 
tures. For all the solutes studied plots of KoR(M) vs. 4c were 
nonlinear. The results were analyzed and discussed in light of 
the treatment of Harbison et al. (2) .  

~ ~~~~ 

Introduction 

For a variety of gas-liquid chromatographic (GLC) systems 
in which a volatile solute component (A) is distributed between 
a binary nonvolatile solvent mixture (B + C) and the gas phase, 
Purnell and de Andrade ( 7 )  find that the linear relation 

KoR(M) = 4BKoR(B) + 4CKoR(C) (1) 

is obeyed within experimental error. KoR(B) and KORo, are the 
infinitedilution solute partition coefficients in pure B and C, 
respectively. KO,(,) is the infinitedilution solute partition 
coefficient in a mixture where the volume fractions of B and C 
are 4 and 4 c, respectively. On the other hand Harblson et 
al. ( 2 )  derive the expression 

In KO,(,) = 46 In KoRo) + 4c In KO,(,) + ( v A /  ~ E ) X ~ B ) ~ B ~ C  

(2) 

which, in general, predicts curvature in plots of KoR(M) vs. 4 c. 

Experimental Section 

Squalane (SQ) and di-n-nonyl phthalate (DNP) were used as 
received from Applied Science and Eastman, respectively. 
High-purity solutes were also used as received from standard 
suppliers. The stationary liquids and their mixtures were de- 
posited on Chromosorb W (60180 mesh, acid-washed and 
DMCS treated) solid support from solutions in methylene chlo- 
ride. The methylene chloride was removed by rotary evapo- 
ration. Traces of methylene chloride were removed from the 
coated supports by placing them in a vacuum desiccator for 
several days. The free-flowing powders were then packed into 
previously coiled 1-m-long and 0.25-in.-0.d. stainless steel 
columns. The weight percent of the liquid phase employed was 
in the neighborhood of 10% and was determined from the 
weight loss of three separately ashed samples (ca. 1 g each) 
of coated support ( 7 1 ) .  Seven different columns were used at 
30.0 O C  with the following volume fractions of DNP (4 c) in the 
solvent mixture: 0.000, 0.231, 0.410, 0.583, 0.671, 0.851, and 
1.000. The solutes studied are listed in Table I .  
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condensation. The pressure at the outlet of the column (ba- 
rometric pressure) was regularly measured throughout the runs 
to better than 0.5 mmHg. The carrier gas flow rate was 
measured with a soap-bubble flow meter. 

The details of the procedure followed to obtain precise 
partltlon coefficients have been described elsewhere ( 7 7 ,  76). 
Sample size variation established the attainment of the infinite 
dilution condition ( 76, 77). Varying solvent/support ratio indi- 
cated that interfacial effects were absent ( 76, 78). The per- 
cent standard deviation in calculated from the standard 
relation 

Table I. ProDerties of the Pure ComDonents at 30.00 "C 

solutes 
n-pentane 
dichloromethane 
trichloromethane 
bromochloromethane 
1,2-dichloroethane 
1-chlorobutane 
2-bromobutane 

squalane (B) 
dinonyl phthalate 

solvents 

9, cm3 
mol-' 

117.03 
64.99 
80.86 
67.70 
79.91 

105.75 
109.95 

526.54 
435.95 

PO*, 
mmHg 

614.80 
529.97 
238.77 
183.40 
99.82 

128.06 
81.46 

-BAA, cms 
mol-' 

1146 
803 
1142 
1300 
1650 
1930 
2400 

Table I gives the molar volumes of the pure llquid compo- 
nents and the saturation vapor pressure and second virial 
coefficients of the solutes at 30.0 OC. The solute molar vol- 
umes and vapor pressures were obtained from Dreisbach's 
(72) compilation, while second virial coefficiints were calculated 
from known critical constants (72) and a refined corresponding 
states relation (73, 74). The molar volumes of SQ and DNP 
were determined from density measurements using an Anton 
Paar digital precision system ( 75) and were, respectively, 
0.03 % lower and 0.14 % higher than those reported by Har- 
bison et al. (2). Mixtures of SQ + DNP were found to have an 
effectively zero volume of mixing. 

The gas chromatographic system used was largely of labo- 
ratory construction, and designed to achieve high precision in 
the measurement of partition coefficients. High-purity helium 
was passed through a tube packed with activated molecular 
sieve to remove any traces of moisture that may be present. 
The helium was then passed through the pressure regulator of 
a Beckman 2160 gas chromatograph and onto an injection port 
(thermostated at 170 O C  during all runs) from a disused gas 
chromatograph. The columns were placed in a well-insulated 
and carefully thermostated water bath at 30.00 OC. The bath 
temperature was controlled to within +0.02 OC. Using a 
mercury manometer connected to the column inlet, we mea- 
sured the inlet pressure to the nearest 0.5 mmHg. The column 
outlet was connected to the thermal conductivity detector (kept 
at 180 OC during all runs) on the Beckman 2160 gas chroma- 
tograph using 1/18-in. tubing which was heated to avoid solute 

(3) 

was found ( 7  7 )  to be 1.2%. V s  is the volume of the stationary 
liquid in the column, j is the compressibility factor, F ,  is the 
corrected flow rate, and fk is the retention time adjusted for 
column dead space (fR' = f R  - fA). Use of helium as carrier 
gas alongside relatively low inlet pressures made virial correc- 
tions unnecessary, and the measured partition coefficients, 
Kws), correspond to those at zero column pressure drop, K O ~ ( ~ ) .  

In  Table I1  KO, values as functions of the volume fraction of 
DNP are given. 

Results and Discussion 

The solute (A) partition coefficient with pure SQ (B) and pure 
DNP (C) were converted to fully corrected activity coefficients 
Y ~ ( ~ )  (or Y ~ ( ~ ) )  via the relation 

poA and B A A  are the bulk solute vapor pressure and virial 
coefficient, Tis the column temperature, and 9, (or 9,) is the 
molar volume of the stationary phase. As Tables I11 and I V  
and Figure l a  show the results for n-pentane are in excellent 
agreement with recent careful measurements (2, 7, 79). Ex- 
cept for the static measurements of Freeguard and Stock (20), 
the results for dichloromethane, trichloromethane, and 1,2di- 
chloroethane, given in Table 111, are in reasonable agreement 
with those from earlier studies (20, 27). 

Table 11. Partition Coefficients as Functions of Volume Fractions at 30.00 "C 

~ D N P  

solute 0.000 0.231 0.410 0.583 0.671 0.851 1.000 
n-pentane 98.53 93.30 90.00 83.25 78.75 72.49 65.92 
dichloromethane 77.08 121.7 157.1 184.1 195.8 222.2 244.8 
trichloromethane 225.8 358.0 463.4 540.2 570.5 637.1 690.3 
bromochloromethane 201.4 313.0 405.7 476.6 504.4 575.4 630.8 
1,2-dichloromethane 285.3 444.2 573.1 679.6 721.3 822.2 909.3 
1-chlorobutane 373.8 448.1 503.7 535.1 537.0 548.2 568.6 
2-bromobutane 581.6 705.1 796.8 843.3 849.9 876.0 902.4 

Table 111. Infinite-Dilution Solute Activity Coefficients with Pure Squalane and with Pure Dinonyl Phthalate Solvents at 
30.00 "C from GLC (G) and Static (S) Studies 

Y ~ A ( B )  (SQ) ?'=A(C) (DNP) 
solute this study other studies % diff" this study other studies % diff" 

n-pentane 0.618 0.617 (G)* +0.2 1.115 1.117 (G)* -0.2 
0.620 (S)c -0.3 1.115 (S)c 0.0 

dichloromethane 0.901 1.076 ( S ) d  -16.3 0.334 0.379 ( S ) d  -11.9 

0.647 (G)' +4.5 0.257 (G)' +3.9 

1.299 (S)' -2.0 0.466 +3.4 

0.904 (G)' -0.3 0.329 (GI' -1.5 
trichloromethane 0.676 0.653 ( S ) d  +3.5 0.267 0.251 (S)d +6.4 

bromochloromethane 0.985 0.380 
1,2-dichloroethane 1.273 1.230 (G)' +3.5 0.482 0.450 (GI' +7.1 

1-chlorobutane 0.760 0.604 
2-bromobutane 0.766 0.596 

a Relative to the other study. *Reference 2. Reference 19. Reference 20. e Reference 21. 
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Flgwe 1. Partition coefficients as a function of volume fractbn of dhonyi phthalate in squalane at 30.00 O C  for (a) n-pentane, (b) dichloromethane, 
(c) 1,2dichloroethane, and (d) 2-bromobutane. Points with 1.2% error bars are experimental points; circles and dotted line in (a) are at 303 K 
and taken from ref 7 and 79; sold curves using eq 16 of ref 2; dashed line, using eq 1. 

Table IV. Infinite-Dilution Activity Coefficients of 
n -Pentane with Mixtures of Squalane and Dinonyl 
Phthalate Solvents at 30.00 "C (This Study) and 303 K 
(Other Studies) 

dr this studv other studies 
0.000 0.618 0.620" 
0.216 0.669 0.66gb 
0.453 0.752 0.753b 
0.713 0.888 0.887b 
1.000 1.115 1.115O 

a Reference 19. Reference 7. 

Plots of KOR(,,,) vs. 4 are presented for n-pentane (Figure 
la)  and for representative haloalkaqp solutes (Figure lb-d). 
The curvature and asymmetry of the plots are similar to thpse 

Table V. Interaction Parameters at 30.00 OC 
solute 

n-pentane 
n-pentanea 
n-pentaneb 
dichloromethane 
trichloromethane 
bromochloromethane 
1,2-dichloroethane 
1-chlorobutane 
2-bromobutane 

XA(B) 

0.244 
0.246 
0.245 
1.111 
0.636 
1.165 
1.278 
0.532 
0.509 

XA(C) 

0.702 
0.702 
0.698 
0.058 

0.085 
0.187 
0.175 
0.133 

-0.408 

XC(B) % fit 
1.069 0.622 
1.001 0.60 
1.143 
5.734 1.8 
5.215 1.8 
5.489 1.4 
4.530 1.4 
1.939 0.88 
1.941 0.82 

"Reference 2. bReference 7. 

previously encountered (2, IO). They clearly show that the 
lnflnitedllution partition coefficients for all the solutes examined 
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Table VI. Best-Fit Interaction Parameters and Association 
Constants for Haloalkane Solutes at 30.00 O C  

solute XA(B) X’A(C) KAC~ L mol-’ % fit 
dichloromethane 1.102 1.188 1.01 * 0.12 0.78 
trichloromethane 0.636 0.851 1.15 f 0.12 0.70 
bromochloromethane 1.165 1.265 1.02 f 0.11 0.58 
1,2-dichloroethane 1.270 1.325 0.96 f 0.10 0.57 
1-chlorobutane 0.531 0.852 0.43 * 0.06 0.81 
2-bromobutane 0.507 0.822 0.44 f 0.05 0.68 

in this study deviate from the values calculated by using eq 1 
and agree, within experimental error, with values calculated 
from eq 2 which allows for interaction between the two sol- 
vents. 

Presented in Table V are the interaction parameters in pure 
SQ, pure DNP, and mixed solvent for each solute, evaluated by 
using eq 16 of ref 2. The values for n -pentane are In good 
agreement with those from earlier studies (2, 7). xW) and xu,) 
for all the haloalkanes are generally higher and lower, respec- 
tively, than those for n-pentane. I n  addition xqB) values which, 
according to the model of Harbison et al. (Z), should be inde- 
pendent of the nature of the solute are appreciably larger for 
haloalkane solutes than for n -pentane. These seemingly 
anomalous results have been previously encountered (2, 70). 
They are rationalized on the basis of a 1:l A-C “complex” 
between each of the haloalkane solutes and DNP. From a 
least-squares analysis of the haloalkane data according to eq 
19 of ref 2, K,, the association constant of a weak A-C 
complex and x ‘ ~ ( ~ )  the parameter characterizing solute-solvent 
interactions in the absence of complex formation were ob- 
tained. The results are given in Table VI. 

The xrA(,) and xA(B) values in Table V I  compare more rea- 
sonably with each other than the x ~ ( ~ )  and xA(B) values in Table 
V, indicating weak complexation between the haloalkane so- 
lutes and DNP. KAc is about 0.4 for the monohaloalkanes and 
about 1.0 for the dlhaloalkanes. Contrasting the results for 
dichioromethane and trichloromethane shows that the extra 
chlorine atom in the latter molecule has little effect, if any, on 
the KAc value, possibly due to a steric hindrance. The close- 
ness of the results for dichioromethane and bromochloro- 
methane on one hand and 1-chlorobutane and 2-bromobutane 
on the other indicates that the chlorine and bromine atoms 
contribute nearly equally to the value of KAc, possibly because 
of large separations between weakly “complexing” molecules. 

Finally Table VI1 presents experimental and calculated (using 
eq 1) values of KO,,,, for all the haloalkane solutes used in this 
study at +c  = 0.453 ( x ,  = 0.500). Large deviations (up to 
10%) from linearity as prescribed by eq 1 exist at this mole 
fraction. I n  addition the two sets of relative (1-chlorobutane 
= 1 .OOO) partition coefficients (a’s) are different, with the dif- 
ference reaching 4.6% in the case of 1,2dlchloroethane. Such 
large variations in a can affect the degree of success achieved 
by predictions, made on the basis of eq 1, of relative data for 
mixed solvents of comparable volume fractions. 

Conclusion 

Partiiion coefficients for n-pentane and six haloalkane solutes 
at infinite dilution in SO-DNP mixtures differ from the values 
calculated by the Purnell-Andrade equation by as much as 
10% and agree, to within experimental error, with an equation 

Table VII. Relative Partition Coefficients (CY Values) at 
& = 0.453 (1-Chlorobutane = 1.000) 

dichloromethane 153.1 0.331 161.7 0.319 5.6 -3.6 
bromochloromethane 395.6 0.857 418.0 0.826 5.7 -3.6 
trichloromethane 436.2 0.944 478.3 0.945 9.7 +0.1 
1-chlorobutane 462.0 1.000 506.3 1.000 9.6 
1,2-dichloroethane 568.0 1.229 593.7 1.173 4.5 -4.6 
2-bromobutane 726.9 1.573 799.6 1.579 10.0 +0.4 

OUsing experimental end points (KORcB) and PR(~)) at bDNP = 
0.000 and $Dm = 1.000 in Table 11. *Between the value obtained 
by using eq 1 and the experimental value. 

derived by Harbison et al. (2) on the basis of conventional 
models of solution. Clearly the systems examined in this study 
conform more to conventional theory of liquid mixtures than to 
a “micropartitloning” theory. 

The various solute-solvent and solvent-solvent interaction 
parameters were calculated on the basis of the treatment of 
Harbison et ai. (2). The results indicated the formation of a 
weak 1:l complex between each of the haloalkane solutes and 
DNP. Association constants were evaluated and qualitatively 
rationalized on the basis of the structures of the haloalkane 
molecules. 

Registry No. SQ, 111-01-3; DNP, 84-76-4; pentane, 109-66-0; dl- 
chloromethane, 75-09-2 trichloromethane, 67-66-3: bromochloromethane, 
74-97-5; 1,2-dlchloroethane, 107-06-2; 1-chlorobutane, 109-69-3; 2- 
bromobutane, 78-76-2. 
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