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SUMMARY 

Substituent effects in gas-liquid chromatography are defined as the deviations, 
ddlog V,, of the additivity of group contributions to log VN_ To determine ddlog 
V, values, corrected net retention volumes, V,, were measured for o-, m- and p- 
substituted anilines, phenols and pyridines, and for monosubstituted benzenes, cyclo- 
hexanes and hexanes on polyethylene glycol20,OOO (at several temperatures) and on 
Apiezon M (at 206”), the substituents being H, CH,, C,Hs, F, Cl, Br, I, OCH,, CN 
and NOL. The &log V, values were correlated with Hammett-type substituent con- 
stants using a three-parameter regression equation. The precision of the regressions 
was generally comparable to the experimental precision. The correlations provide 
information on the mechanism of the interaction between solutes and stationary 
phases. An interpretation of the effect of sample size on V, is given. 

INTRODUCTION 

Many investigators have studied the partition coefficierk of solutes m two- 
phase systems, with the aim of discovering factors that influence partition behaviour. 
Leo et aI.l showed that interest in liquid-liquid partition coefiicients can be found 
in many fields of science, in particular the field of structureactivity relationships 
in biological processes. They did not stress the importance of a knowledge of partition 
behaviour for separation science. However, with the realization that partition co- 
efficients are directly related to retention behaviour in partition chromatography, the 
scope of the application of an insight into partition behaviour becomes even wider. 

Ever since the introduction of gas chromatography by James and Martin in 
1952z, scientists have searched for factors that influence the distribution of a solute 
between the gas phase and a liquid phase (solvent, stationary phase)_ The ultimate 
aim of their efforts was the prediction of retention volumes, which on the one hand 
would facilitate the identification of compounds on the basis of their experimental 
retention volume, and on the other would help in choosing optimal conditions for 
separation problems. 

In gas chromatography, partition coefficients are mostly expressed in terms 



of dp”, the standard chemical potential difference for vaporization of a solute from 
the liquid phase, or in well known quantities that are linearly related to dp” such 
as log VN (where VM is ffie net retention volume), or the I&v& ‘retention index, 
I (refs. 3-6). An underlying common feature of many studies on partition equilibria is 
the concept that the solute is thought to consist of several groups, each of which gives 
an additive contribution (or group increment) to dp” or I values7~*. An early test 
of the validity of this concept was the observation that a plot of Ape values for a 
homologous series of solutes against the number of carbon atoms is iinea+4_ These 
Ape values are said to be composed of methylene group increments. In general, how- 
ever, this system of additive group contributions does not give precise pd.iction~ 

of Ape vahes 7=s, because the effect on partition behaviour of one group in the solute 
is intiuenced by other groups (or substituents). In this work, attention is focused 
upon such substituent interactions in the solute. 

THEORETICAL 

Quantitative measures that represent the effect of substituent interactions in 
the solute on partition equilibria can be derived from partition coefficients in the 
following way9.ro. Consider the phase equilibrium XNY (phase 1) z XNY (phase 2), 
where X is a variable substituent, Y is a tied substituent, and N is a common carbon 
skeleton (aliphatic or aromatic). For the partition coetscient, Px, it holds that 

2.3 RT log Px = poxm (phase 1) - &v (phase 2) = A,aom (1) 

where p” is the standard chemical potential. Subtraction of the corresponding equa- 
tion for the case when X = H (hydrogen) gives 

log Px - log PH = 2 31RT -CA&y - A&NY) (2) 

For the partition coefficient of XNZ for the same phases, where Z is another fixed 
substituent (and may even he hydrogen), a similar equation holds, and subtraction 
of this equation from eqn. 2 gives 

log [+=I - log [$=I = 2_lRT -(&&v - A&&v -A&z i- A&& (3) 

NOW, consider Ape to be composed of additive group contributions and an inter- 
action contribution, e.g., for A,uom we have A&, A&, A& and Ap&+y, and let 
hydrogen be the reference atom for all interaction contributions : A&_H = 0. If these 
assumptions are applied to eqn. 3, the result is 

log [e] - 1% [e] = &-(A&,, -A&-3 

If Z _= H, eqn. 4 reduces to 

log [*I - log [*I = 2.3kT -44L-e 

(4) 

(5) 
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Any interaction contributions of the substituents X, Y or Z and the skeleton N cancel 
out in eqn. 3, if the skeleton of the moIecuIes XNY and of the reference molecules 
XNZ is the same_.The left-hand side of eqn. 5 is therefore a quantitative measure 
of the effect of the interaction of the substituents X and Y on the partition of a 
compound XNY between two phases. In a recent paper by De Ligny et zZ.~*, it is 
shown that a Hammett-type relationship should be applicable in the description of 
partition coefficients. It is demonstrated that a quantity can be derived from chemical 
equilibrium constants that is formally identical with the right-hand side of eqn. 3. 
Therefore, descriptions of substituenr effects in chemical equilibria, i.e., descriptions 
with Hamm&Mype o constants, should also be applicable to the left-hand side of 
eqn. 3, which is derived from partition coefficients. 

About 10 years ago, Karger and co-workersU*fl presented an approach to the 
interpretation of substituent effects in gas-liquid partition equilibria that differs from 
the approach represented by eqns. 3-5. They transformed Ape values into activity 
coefficients, ‘y, with the equation3-5-6 

A& = RTlny = A/A* _t RTbP* (6) 

In this equation Ap* is the standard chemical potential difference for vaporization 
of the solute from the solvent and PO represents the saturation vapour pressure of 
the solute at the temperature T at which the Ap* value is obtained; R-is the gas 
constant and the quantity -Apz is the standard chemical potential difherence for 
mixing of the pure solute with the solvent. 

One cannot hope that addition of A,c” and RTln PO, resuhing in Api, will 
give information about the interactions between the solute and the solvent on&. The 
A& values contain contributions originating from interactions in the pure liquid so- 
lutes. For different solutes the latter contributions can be very variable, especially if 
the solutes differ greatly in dipole moments and hydrogen bonding capabilities. There- 
fore, it is to be expected that d& values for polar systems are very complex quautities 
which are not easily interpretable’. Karger and co-workers11~12 calcul&d A& v&es 
for a number of substituted aniliues and phenols, and a variety of liquid phases, from 
gas chromatographic retention data. Their results show that A& values in general do 
not correlate well with Hammett substituent constants”. 

In the approach given by eqns. 3-5, all Ape values are referred to two fixed 
standard states, viz., ideal solutions in a fixed liquid phase (phase I) and in the gas 
phase,(phase 2). In this paper, it will be shown that the left-hand sides of eqns. 3-5 
for gas-Iiquid partition coefficients can be interpreted well with Hammett-type sub- 
stituent ~constants. The failure of Karger and co-workers and their foliowerP to 
achieve a similar aim with the Apg values must be the result of the use of a varying 
standard state (the various pure liquid sohnes). 

* In 1965, far&s et al.” warned of the “thermodynamic pi@&” in approaches that combine 
da% derived from two different standard states, viz., ideal solutions of the solute in a solvent and the 
pure liquid solute. 

** Ln ref. 12, Larger &al_ were reasonably s&isfied with the resuIts of the regression calc~iations. 
However, the re@ively large intercepts in the Hammett plots indicate a poor description for the 
unnt&ituted compound. (ECarger et aI_ did not g&e standard deviations of the regressions.) Fig. L 
in ref. 11 is also a good illustr&ion of the fdure to d&be Apz values with Hammett CT values. 
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In this work, we have tested the validity of the equation 

In this equation, the gas chromatographic corrected net retention vo!umes, V,, 
in millilitres per gram of stationary phase, are related to the liquid-gas partition 
coefficients, P, on the molar scale, by 

V, = P[d 

where d is the density of the stationary phase. Therefore, the left-hand side of eqn. 
7 is equal to the left-hand side of eqn. 3. 

The right-hand side of eqn. 7 is an extension of Hammett’s ga relationship 
(see the Appendix and refs. 14 and 15). Values of e can be found by linear regression 
of the experimental data (Le., the left-hand side of eqn. 7) on the or, 0s and as values, 
tabulated in Table XII and refs. 14 and 15. 

For liquid-liquid partition coefficients, a description analogous to eqn. 7 was 
shown to be successful by Fujita et ai. I6 For the gas-liquid partition equilibrium _ 

no similar approach could be found, except for the work of Keiko et a1.l’. More- 
over, suitable sets of precise experimental data to test eqn. 7 are not available. [Eqn. 
7 is applied to the data of West and Hall’* for substituted chlorobenzenes in the 
last part of this paper, but the number of data (or substituents X) is rather small. 
Also, in principle the data in ref. 10 can be used, but the model system shows un- 
expected effects, viz., apparent mesomeric resonance effkcts in an aliphatic system.] 

In this investigation, V, values were determined for six series of volatile com- 
pounds (solutes): ortho-, meta- and par&substituted anilines, phenols and pyridines, 
and 1-monosubstituted n-hexanes, cyclohexanes and benzenes. The latter three series 
are intended as reference series, viz., as the compounds XNZ in eqn. 7, while the 
former three series correspond to the compounds XNY of eqn. 7 (Y is NH,, OH 
and the pyridine nitrogen atom, respectively, and 2 = HI). The set of substituents 
(X) not only included mesomeric electron donors such as CH,, C,W,, F, Cl, Br, I 
and OC&, but also the mesomeric acceptors CN and NOz. The inclusion of the 
last two substituents caused some practical difficulties, which will be discussed later. 
Polyethylene glycol (PEG) 20,000 and Apiezon M were chosen as examples of polar 
and apolar stationary phases (solvents), respectively. On PEG, retention volumes were 
determiued at several temperatures, partly with the aim of investigating the effect 
of temperature on substituent interactions, but mainly for the following practical 
reason: the extreme diSerence in the polarities of, e.g., n-hexane and p-nitrophenol 
has the consequence that at the highest temperature (103°C) at which the retention 
time of n-hexane (5 set) can be determined with acceptable pm&ion, the elution of 
p-nitrophenol would require at least 48 h. Therefore, not all solutes could be chro- 
matographed at the same standard temperature (206°C). For a number of solutes the 
retention volume at 206T had to be estimated from data at other temperatures. 

On Apiezon M, data for all solutes could be determined at 206°C. No measure- 
ments at other temperatures were made, partly because it was expected that no fun- 
damentally new information could be extracted from such data, and partly because 
of the practical dif?kulties in the measuring procedure. 



EXPERTMENTAL 

Apiezon M was supplied by Apiezon Products (London, Great Britain) and 
PEG 20,000 by Fluka (Buchs, Switzerland). Gas-Chrom Z, 60-80 mesh(Applied Science 
Labs., StateCollege, Pa., U.S.A.), wasused as the support to minimize adsorption. The 
soiutes that were supplied commercially (Fluka), were of the highest purity available. 
lMost of them were stored in black-painted bottles but nevertheless some (especially the 
anilines) turned brown after a few weeks, probably owing to the formation of small 
amounts of oxidized products. Some solutes were of unknown origin and purity. 
We did not purify these compounds because gas chromatographic measurements 
showed the amounts of the impurities to be less than 5%, and because the peaks 
of the impurities did not interfere with the peak of the major component_ However, 
the presumably oxidizing nature of the brown impurities (see ref. 19, p. 564) may 
have affected the stationary phase, as will be discussed below. 

Cyclohexyl methyl ether and n-hexyl methyl ether were synthesized by standard 
proceduresr9. CNitropyridine was obtained by reducing Cnitropyridine N-oxide ac- 
cording to the method of Ochiai *O Solutions of 4-chloropyridine in benzene were . 
prepared by extraction of a neutralized solution of 4-chloropyridinium chloride, 
shortly before the gas chromatograpbic measurement. The same procedure was tried 
for Cbromopyridine, but this compound proved to be very unstable; no peak for 
this solute could be found in the chromatograms. 

Apparatus and procedure 
The apparatus employed was manufactured by Becker (Delft, The Nether- 

lands)_ The temperature at the position of the column in the air thermostat was me- 
asured with Anschfitz thermometers and was estimated to be accurate to within 
&0_3”C. Helium -was used as the carrier gas. The pressure drop across the column 
was measured with a calibrated manometer to 1 mmHg. The outlet pressure was equal 
to the barometric pressure. The carrier gas velocity was measured with a calibrated 
soap-film flow meter. The eluted substances were detected by a katharometer placed 
in the thermostat (bridge current 150 mA) and registered with a Servogor recorder, 
the chart speed of which was calibrated. 

Stainless-s$eel columns (length 200 or 100 cm, I.D. 4 mm) were used. The Gas- 
Chrom 2 suppo& was coated with 10% PEG 20,CKlO or Apiezon M”. The columns 
were conditioned at 250°C for 16 h. The samples were injected directly on to the 
column with a Hamilton syringe. For the PEG column, and with toluene and prop- 
anol-I as solutes, the minimal HETPs were 1.5 and 1.8 mm, respectively, at the start 
of the measurements (at 100°C). For the Apiezon columns, with both phenol and 
n&cane as solutes, the minimal HETP was mostly 2.0 mm (at 206°C). The cor- 
responding carrier gas velocities were 30 ml - min-l for PEG and 16-20 ml - min-1 for 
Apiezon. 

All liquid compounds were injected as such: solid compounds were mostly 

l The c02ting pfmermge u% determined by weighing a dried sample of the column Slline before 
andaftereKtraaionwithethanol(PEG)orn-hexane(Apiezon). Aconeciionforloss ofstationary 
pIi2se during c~nditionhg was made by weighing the column before aad &er conditioning. 
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dissolved in methylene chloride to near saturation. Compounds that were insoluble 
in that solvent (e.g., nitrophenols and nitroanilines) were dissolved in ethanol. How- 
ever, the concentration in these solutions was sometimes still so low that the sample 
size had to be as large as 10 ~1. The V, values (corrected net retention volumes, in 
millilitres of carrier gas under column conditions per gram of stationary phase) were 
calculated from the gas ckromatograms and the experimental data mentioned above. 

The position of the peak maximum in the chromatograms depended greatly 
on the injection volume. Therefore, the following procedure was maintained. For 
each solute, a number of five to ten chromatograms with varying sample sizes was 
obtained. Then tke PM values were plotted against the corresponding sample sizes, 
which resnlted in straight lines. From extrapolation to zero sample size by the method 
of least squares, the correct V, value was calculated. The points for small sample 
sizes often showed positive deviations from the straight lines, probably originating 
from adsorption of the solute to the support, and were therefore omitted from the 
calculation_ On PEG, linear plots were obtained for the liquid compounds o-toluidine 
and m-fluorophenol at 206°C for sample sizes varying from 0.3 to 5 ~1. 

The PEG column showed a serious loss of stationary phase (bleeding) at 
1655°C and higher temperatures (the advised maximal temperature is 225°C). Tkere- 
fore, from the start of the measurements and at regular intervals thereafter, the re- 
tention volume of a reference solute was measured. The resulting plot of retention 
volume against effective measuring time (in days) was used to correct all other reten- 
tion volumes for the effect of bleeding. It is well known that PEG is very sensitive 
to oxidationzl. Therefore, the bleeding may be caused partly by the oxidizing im- 
purities in some solutes_ Also, the use of air as the dead-volume marker may have 
contributed to oxidation and bleeding. No change in the polarity of PEG could be 
detected. This was checked by measuring at various times replicate V, values for a 
number of randomly chosen solutes of both polar and apolar character (at 206”C, 
17 were chosen). The agreement between such replicate V, values (relative to that 
of the reference solute) was generally within loA, even after the column had been 
used for 18 months. 

The bleeding of the column had some effect on the choice of sample sizes. 
At the start of the measurements no adsorption of tke solutes at tke support could 
be detected for samples larger than 0.2 ~1. The range of sample sizes was then mostly 
O-2-1.4 ~1 for a liquid solute and about 0.5-2.5 pl for solid solutes dissolved in 
methylene chloride. However, with increasing loss of stationary phase, adsorption 
became evident with larger sample sizes. Therefore, in the end, samples bad to be 
used in the range O.&2.0 ~1 for liquid solutes and 2-5 ,ul for solid solutes in methylene 
chloride. 

No bleeding of the Apiezon column could be detected, but it did show a change 
in polarity. After the column had been used for some time, apolar solutes (e-g., 
octane, benzene and etkylbenzene) showed decreases in the V, values of about lo%, 
while polar solutes (e.g., o-bromophenol, m-fluoroaniline and p-methoxyphenol) 
showed increases varying from 5 to 12 %. Apparently, tke Apiezon had become more 
polar, either because the brown impurities of some solutes had accumulated in the 
column, or because these impurities (or some solutes) had oxidized part of the Apie- 
zon. To avoid errors due to a change in the polarity of the column, the following 
procedure was adopted. During the measurements, V, values of the reference solutes 
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octane and phenol were measured very frequently. As soon as these values tended 
to decrease (octane) or increase (phenol) by more than about 1.5 Ok, measurements 
on that column were stopped and a new Apiezon column was prepared. The V, 
values of most of the colourless solutes were determined first. The 2-m Apiezon col- 
umn employed showed no significant alteration during these measurements. There- 
after, for the sake of convenience, measurements were performed on l-m columns, 
using the reference solutes m-fiuorophenol, iodocyclohexane and octane (in total, six 
columns were used and VN for octane was determined about 70 times). The sample 
sizes were of the same magnitude as for the PEG column. 

RESULTS AND DISCUSSION 

The results of the measurements are presented as log VN values in Tables I- 
III. 

The precision of the V, values (relative standard deviation) for the PEG col- 
umn for most solutes is about f 1.5 %, as estimated from replicate measurements 
and from the standard deviation of the regression of V, on sample size. For m- and. 
p-nitro- and -cyano-phenols and -anilines, the precision is less (about +3 %), as these 
compounds showed extremely long retention times, during which experimental con- 
ditions such as pressure drop or carrier gas velocity may change slightly (at 206°C 
p-nitrophenol had a retention time of about 4 h). An indication of the accuracy of 

the relative retention data for the PEG column is given by a plot of dlog V, values 
for some phenols at 165.5% @log V, = log Vry - log V,““‘) versus the correspond- 
ing values of Ehnehrik=, measured at 168”C*. The result, for 10 phenols, is 

dlog V, (Elmehrik) = (0.955 f 0.014)Lflog V, (this work) -i- (0.009 f 0.006) 

(9) 

The standard deviation of the regression is +O.Ol 1. This corresponds to an error 
of f 1.8 oA in the V, values, which is in good agreement with our earlier estimate. 

For Apiezon, the precision of the VN values (&2x) could be estimated in 
the same way as for PEG, and from the fluctuations in the V, values for the reference 
solutes. For the substituted benzenes, there is an excellent correlation between the 
retention indices, given by Cook and Raushel’ for Apiezon L at 160°C and the log 
V, values obtained in this work. 

An aspect of the measuring procedure that remains to be discussed is the 
dependence of the position of the peak maximum on the injection’volume. This effect 

is frequently encountered in gas chromatography and can often be recognized by 
the shape of the peaks. An asymmetric peak with its steep side directed towards the 
injection point marker in the chromatogram (tailing) indicates-that with increasing 
sample size the distance between the peak maximum and the injection point marker 
will decrease, resulting in a negative correlation between V, and the sample size, 
and v&e versIz. In this study, both negative and positive correlations were found, 

* Ehehrikn used Carhowax 2000; however, no sign&ant difference in thedlog VI V&KS III=- 
surex3 on carbowax 2OQO and on PEG 20,000 is expected. 
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TABLE 11 

VALUES OF LOG PJ., FOR BENZENE& CYCUXiEXANEs AND NEXANES ON PEG 20,ooO 
AT DEFERENT CoLUhfN TEMPEESTWRES 
The values in parentheses were dcu!&ed as d-M in the text <eqn. 13). 

cl 
Br 
I 

OCH3 

ii& 
Cyclohexanes H 

CHs 
GHs 
cl 
Br 
I 
OCH, 
CN 
NO1 

I-X-n-Hexaries El, 
GHs 

El 
Br 
I 
OCH:, 
CN 
Nor 

I .350 
1.479 
1.841 

0960 
1.231 
1.526 
1.635 

1.643 1.385 
1.893 1.603 
2.107 1.787 
1.740 1.449 
2.314 1.984 
2.629 2.265 

2.614 2.223 

1.099 
1.214 
1.523 
2153 
2.447 

1.921 

0.713 
0.969 
1.214 
1.336 
1.885 
2.172 

1.613 

O.!?C@ 
1.029 
1.259 
1.839 
2.111 

((2.366)) 
1.621 

((2.515)) 
((2.7q 

((0.500)) 
((0.818)) 

0.963 
1.091 
1.570 
1.831 

((2.074~ 
1.338 

((2.317)) 
((2.514)) 

1.143 
1.331 
1.460 
1.209 
1.638 
1.879 
2166 
1.832 
2.309 
2.522 

1524 
I.753 
1.973 
1.334 
2.097. 
2.307 

1.280 
1.493 
1.713 
1.074 
1.916 
2.069 

(0.913) 
1.064 
1.182 
0.942 
1.336 
1.539 
1.791 
1.485 
1.891 
2.070 1.847 

(0.562) 
(0.667) 

(O.@m 
1.248 
l-456 
1.635 
1.089 
1.738 
1.893 

1.200 
1.386 
0.836 
1.556 
1.660 

and on PEG the corS&ion even changed sign for one particular solute as the column 
temperature increased. 

In the following discussioon, the @antity dV,lV&V, is debed as the relative 
change in net retention volume per microlitre of sample size (VH in the denominator 
of this qrrmtity is the value found from extraptilation to zero sample size). A correla- 
tion was found be&veer; d?‘N/ V& V, (measured at a tied temperature) and the boiling 
points (T,)’ of the soWesLo. The pammeters a and b of the equation 

axe given in Table IV. 
-_ 

c The boiling Prints <‘CJ at_aE&spheric pressure were. obtain@ from r&s. 23 and 24. 
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570 i 32 141.5 f 1.6_ 146 
532 f 19 180.5 f l-5 181.5 
672&47 198.8 f 2.8 181.5 
5344221 225.6 & 2.3 222 

Apieznn 
(2m) 848&2$ 202.7&2-O 222 

Apiezon 
(1 m) 564;2a 217.3 f 1.7 222 

7.3 43 

7.1 25 

* Standard deviation. 
** CMumn temperature. 

*.* Standard deviation of the regrksion. 
* Total mimer of data (solutes) used in the comk&ion. 

46 H = h-es; C =-cyclohexanes; B = benzenes; Py = pyridines; An = auilines; Ph = 
phenols; the numbers refer to the number of data for eacfi type of SOlute. 

From these results, it can be deduced that, except for the 2-m Apiezon cohunn, 
eqn. 10 can be reformulated as follows: 

dvN/V’dvS = (Tb - T - 16)/a (10 

where T is the column temperature. From eqn. 11, and using a = 56O”C.,~l, one 
fmds that a solute with a boiling point 40°C below T will have a d V,lV,dV, value 
of -0.1, which means a decrease in V, of 10% per microlitre of sample size. 

From the data for the Apiezon columns in Table IV, it is dear that the cohmm 
length also has au effect upon the dV,/V+I& values. This may be essentiahy the 
effect of the amount of stationary phase, IV,, in the columns on the factor l/& in 
dV,/V&lV, (V, is a linear function of N& This interpretation is supported by the 
following observation. As the PEG co!umn gradually lost its stationary phase, the 
dV,/V& V, values increased. Therefore, the a and b values (eqn. 10) for the PEG 
column were calculated after the dV,/V&JT/‘, values had been corrected for this effect 
(the d VN/V’VS values used in the correlations were corrected to a time when the 
column contained 0.47 g of PEG). 

In Table IV, two entries at T = 165S”C appear. In the second entry, data 
for the phenols and &lines are inclu_ded, whereas they are omitted from the Srst 
entry. From the standard deviations (Fable IV, Wth column), it can be concluded 
that the dV,/VdPS values foranilines and phenols at L65S”C cannot be described 
well by eqn. 10. A pfot of dV,jV,dV, against T& revealed that most points for anihnes 
and phenols were scattered below the straight line through the points for the. other 
soktes. At 2@6% this anomaly had disappeared. 

A dependence of V, on sample size was observed earlier by Martire and 
Ri&l~~ who explained the eEkct by assuming non-linear partition isotherms in the 
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systems involved. However, this explanation appears to be unlikely: iu view of the 
diversity of the solutes, the large range of columu temperatures and the difference 
in character of the two stationary phases, it cannot be expected that there would 
be a relationship between the curvature of the partition isotherm and Tb - T. The 
results presented here point to the following (tentative) interpretation. 

In general, the dependence of V, on sample size is not an effect related to 
partition bchaviour, but a result of vaporization pheuomena directly after injection 
of the sample. Positive dV,/VdV, values (Tb > T) are a result of slow warming 
and slow vaporization of the samples. Negative dV,/ V&V, values (Tb c T) are caused 
by rapid evaporation of the samples, leading to a temporary increase in inlet pressure 
and thus to an increase in vapour velocity. This higher vapour velocity could be 
observed in the chromatograms; using solutes with Tb < T, the distance between the 
injection point marker and air-peak maximum (dead-volume marker) was a linear 
function of the sample size with negative slope. For example, injection of cyclohexane 
(T,/81_4”C) at 103°C gave a temporary increase in vapour velocity of about 1%-111-l. 

Correlation of gas chromatographic data with substituent constants 
- The aim of this investigation was to test the validity of eqn. 7. The compounds 

denoted by XNY are substituted anilines, phenols or pyridines. As an abbreviation 
for the first term of eqn. 7,410g Vr, 4log Vch or 4log VF is used. The compounds 
denoted by XNZ are substituted hexanes, cyclohexanes or benzenes. As an abbrevia- 
tion for the second term of eqn. 7,dlog VE, dlog c or 4log Vjj is used. The left- 
hand side of eqn. 7 is represented by 44log VesH, 44log V’,“*“, etc. 

To test the validity of eqn. 7 at, e.g., a column temperature of 206”C, data 
on V, must be available for all compounds in the left-hand side. For the reference 
compound benzene, the value of log Vy” could not be measured at 206°C on the 
PEG 20,000 column. Therefore, before eqn. 7 can be tested, this value must be 
calculated, by the extrapolation of data measured at lower temperatures. 

In general, estimates of V, values for a column temperatures other than the 
investigated temperature T are obtained from the following equation: 

log V, - log RT/M, = 4@‘/2.3RT - 4Pf2.3R (12) 

where iUS is the molecular weight of the stationary phase, R is the gas constant and 
4A” and 49 are the standard partial molar enthalpy and entropy of vaporization, 
respectively, on the molar fraction scale. This equation can be used only if a plot 
of log V, - log T versus l/T is linear. In the present case such plots, using the ex- 
perimental log V, values given in Tables I and II, are slightly curved. As the number 
of temperatures at which measurements were made is too small to justify the use 
of a quadratic regression equation, another approach to the description of the’ log 
V, values must be applied. As the log V, values at different temperatures, T (or of 
different compounds; C), are strongly correlated, the method of factor analysis was 
chosen. Thus, the following equation was applied: 

1% vm., = Vl.,Wl*C + v2.az.c (13) 

where V and W are adjustable parameters, depending only on the temperature and 
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TA%LE u 
VALUES OF W FOR USE M EQN. 13 

Cornpad WI w, CompOURti Wl w2 

Aailiaes: 

ki 
Phenols: 

H 

&es: 
H 
2-F 
4-cH3 

Benzeaes: 

H -* 

=L 

C2& 

F 
C! 
Br 
OCH, 

7.28 1 0_007 
7.521 O_OlO 

a.399 
11.947 

4.706 
4.863 
5.251 

3.360 -0.039 
3.883 -0.015 
4.314 -0.032 
3.542 -0.077 
4.773 O.Wl 
5.440 0.089 
5.368 O_CUM 

-0.012 
0.120 

0.002 
-0_038 

0.009 

NO2 7.314 0.109 

Cyc!ohexancs : 

c”H, 
C2% 

cl 

Br 

OCHS 
I-X-n-Hexanes: 

C.zH, 
F 
Cl 
Br 
OCH, 

2.212 -0.118 
2.489 -0_049 
3.074 -0.103 
4.436 O&t6 
5.070 0.121 
3.930 -0.011 

2391 -0.258 
2.677 -0.149 
3.822 -0.123 
4.432 -0.068 
3.254 -0.153 

the compound under consideration, respectively. A selection of compounds for which 
experimental data are available in Tables I and II at three or more temperatures was 
made. The data on log V, for these compounds were arranged as an (incomplete) 
data matrix of dimensions 6 (number of temperatures) by 26 (number of compounds). 
The optimal values of V,, V,, W, and W, were calculated by the program NEW- 
FAC1J*15*26. These values were substituted in eqn. 13 to calculate missing values of 
log V, (the values within single parentheses in Table II). To the completed data matrix, 
factor analysis was applied. Values of W, and W, resulting from the factor analysis 
are presented in Table V. Values of V, and V2 found as the regression coellicients 
of the regression of log V, on W, and Sv, are presented in Table VI. 

TABLE VI 

REGRESSEON COEFFICIENTS, V, AND STANDARD DEVIATIONS FOR THE REGRES- 
SION OF LOG V. ON W, AND W, (EQN. 13) 

7.5 03229 O.WO6 -0.508 0.012 0.003 
103 0.4870 0.0002 -0.197 0.007 0.003 
130 0.4139 0.0002 O.la4 0.010 0.004 
165.5 0.3418 0.0002 0.209 0.020 0.006 
206 0.2765 O_OOOl 0.421 0.012 0.004 
231 0.2425 omO1 0.685 0.017 0.002 

As can be judged from these data, the contribution V,W, to log V, (see eqn. 
13) is mostly small compared with the term V, W,, but still significant. From the 
standard deviations of the regressions (Table VI), it can be concluded that the de- 
scription of the data is very satisfactory: an experimental uncertainty of + 1.5 % in 
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Fig. 1. Factors V, and V, (eqn. 13) as a function of T-* (Km’). 

VN results in an error of fO.006 in log V& while the standard deviations in Table 
VI are between 0.002 wd 0.006. V values at arbitrary temperatures can be found 
by interpolation in the plot of V versus l/T (T measured in Kelvin, see Fig. 1). 

Because the most important factor, V,, can be described by 

V, = 1650/2.3R2- - 2.2f2.3R (14) 

(from the regression analysis of V, on l/T, excluding the data at 75’C; standard 
deviation of the regression = 0.005) it can be concluded that the gas-liquid partition 
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Fig. 2. (a) 4ALog V 7” values on PEG 20,000 as a function of dissociation equilibrium data The 
numbers correspond to the substituent numbers in Table I. The symboI.s 0 and q refer to substi- 
tuents in para- and meta-positions, respectively. XNY = An, d pK, = log (f&/K& for the dissocia- 
tion of substituted anilhium ions in water at 25 “C from refs. 27-29. (b) XNY = Ph, dp& for the 
dissociation of sumted pkenok in water at 25 “C from refs. 29-32. (c) XNY = Fy, ApK, for the 
dissociation of substituted pyridinium ions in water at 25 “C from refs. 33-35. 

OQ PEG is governed, to a first approximation, by a linear enthalpy+ntropy relation- 
ship for all compounds. 

Values of Wfor compounds for which experimental data &e available at only 
two temperatures can also be calculated, using the Y values in Tabk VI, by solving 
two equations such as eqn. 13 with two unknown variables, W, and W,. However, 
such W values are not suitable for calculations of log V’ values for a temperature 
very far from the experimental temperatures. A number of log V, vah~es calculated 
in this way are given within doubk parenth&& in Tab& r and- IL Conclusions, 
based OQ such data, must be made with caution. . 

Values of AAlog V$‘es, AAiog Vgh*” and AAlog VFB were calculated from the 
data in Tables I-IIZ. The AAlog 7, values on PEG 20,000 are shown as a function 
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of the dpK, values ‘in water at -25% in Fig. 2 and as a function ofthe &log V, 
values on Apiezon M in Fig. 3. .- 

The ddlog vN values were correlated with the GrS oa and oa values given in 
Table XII by eqn. 7. The resulting regression coeficients, &, eR and &, and the 
standard deviations of the regressions are presented in Table VII. 

The standard deviations of the regressions show that the description ofddlog 
V, values by eqn. 7 is in general of a precision comparable to the experimental error 
in ddlog VN: an experimental uncertainty of f 1.5 y0 in V, results in an error of 
f0.012 in ddlog V,. Exceptions are the data for ‘ortEro_substituted phenols (and to 
a lesser extent for or&-substituted anilines). However, for such data a Hammett- 
type description cannot be expected. For comparison, we also tested the applicability 
of the Taft equation, the most widely used two-parameter equation: 

dd1o.g vN = @ia1 + pRaR (15) 

In the ~mgression analyses of the &log V, values we tried all sets of a, parameters 
given by Ehrenson et~l.~; i.e;l a,, cR(BA), 0; and o;(A). For the data fdr the PEG 
column the lowest standard deviations of the regressions yere obtained with aa 
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Fig 3 . . (a) AdLog WY*” values on PEG 20,ooO as a function of the corresponding data on Apiaon 
M. The numbers cornzspond to the substituent numbers of Table 1. The symbols 0, II and x refer 
to substituents in para-, meta- and o&u-positions, respectively. XNY = An. (b) XNY = Ph. (c) 
XNY=& 

<cl 
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for m&z-substituted series*, a,-(A) for para-substituted series* and a$ for ortho- 
substituted pyridines. The results of these correlations are presented in Table VIII. 

In order to check whether eqn. 7 gave si@cantly better results than eqn. 

* For the data on meta-substituted pyridines a distinction be.tween differeit sets of op values 
could hardly be made. 

*- We ako tried a&?) values, but anomalo~ly for the anilines VI= found lower standard devia- 
tions with GE(P) values than with c&A) values, and for the phenok we found higher standard devia- 
tions with a,-(P) than with SE(A). We therefore ignored the results obtained with the o,-(P) values. 
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TABLE VLIE 

RESUJLTs.dF TEE ANALYSES OF TBE REGRESSIONS OF ddLOG VM ON THE TAFT 
SUBSTITUENT CONSTANTS (EQN. 15)’ 

CtiJTezQred -T(T) Posirion of ox s (?I) eR s Id s** s 
e-f 

quantify substituenrs 

Lidlog V?” 165.5 3 0.414 0.019 0.156 0.028 0.021 0.019 
4 0.719 0.017 0.657 0.023 O-021 0.018 

206 3 0.380 O-01 1 0.122 0.016 0.012 0.011 
4 0.596 0.020 0.572 0.028 0.026 0.022 

A&q VF” 1655.5 3 0.507 0.014 0.218 0.021 0.017 0.015 
4 0.609 0.015 0.449 0.021 0.019 0.011 

206 3 0.429 0.010 0.187 0.015 0.012 0.008 
-4 0.519 0.010 0.393 0.013 0.012 0.011 

ddlog VFB 165.5 2 0.188 0.184 0.461 0.145 0.152 0.030 
3 -0.522 O-024 -0.047 0.053 0.019 0.016 
4 -0.631 0.062 -0.175 0.0!37 0.047 0.017 

206 2 O-200 0.152 0.387 0.129 O-1-26 0.015 
3 -0.397 0.011 0.018 0.026 * o_aO!I O_OOS 
4 -0.471 0.024 -0.138 0.038 0.018 0_003 

* For the up parameters used in the conelations, see the text. The symbols have the same 
meaning as those in Table VLL 

*_ Standard deviation of the regression (eqn. IS). 
*** Standard deviation of the regression (eqn. 7). As ref. 36 gives no data on o, and a, for GHs, 

the experimental data on this substituent were omitted from all correlations in order to obtain a better 
comparison. 

15, we performed Ktests on the standard deviations of the regressions in Table VIII, 
excluding the data on o&u-substituted pyridines*. The result was P = 1.76, from 
which it can be deduced that the three-parameter correIation (eqn. 7) is significantly 
better on the 95 % confidence !evel. 

It is ckar from Table VIII that eqn. 15 cannot be applied at all to ddlog V’ 
values of ort&u-substituted pyridines, while eqn. 7 is extremely successful”, as is 11- 
lustrated by the following example. At 206°C (PEG) we find for o-OCH+pyridine, 
from the calculated log V, value (Table I, in double parentheses), a ddlog VN value 
of -0.462, and on the other hand, eqn. 7 applied to the corresponding ddiog V, 
values for CH,, C&i,, F, Cl, Br and CN predicts a value for ddlog P&CH,) of 
-0.460. [Eqn. 15 predicts ddlog &&XZH,) = -0.149]. We also tested the Taft 
equation on the ddlog V, values for Apiezon. A significant distinction between the 
applicability of eqns. 7 and 15 could not be assessed for mera- and pma-substituted 
compounds, presumably because the &log V, values for Apiezon se substantially 
smaller than those for PEG (see Fig. 3): experimental errors are relatively more im- 
portant in this instance. 

* For each equation, pooled variances, Sz, were calculated according to Z? =.Z (n - i) S’/ 
Z(n - i), where the summation includes all the series in the pool, n is the tiumber 6f 44Iog VN values 
in each series and i is the number of parameters used in the regrekon (2 or 3). F is then givn by 3’ 
(eqn. 15)/S’ (eqn. 7). The number of degrees of freedom, Q = 
7)=46. 

Z (n - i). is q (eqn. 15) = 58,-p, (eqn. 

-** A simhr’codusion can be drawn with respect to the 44log ec V~US to be dkcus~ed 
belOW. 
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The eE values in Table VII for mm- and para-substituted anilines and phenols 
are comparable to the eE values for the dissociation of anilinium ions and phenol&IS: 
for the mefa series the & values are small, while for the pcrra series they are 
negative. Interpretation of the magnitude of @I and & values is hardly possjble for 
the reasons given in refs. 14 and 15. Some points of interest regarding the sign of 
the et or eR values are discussed below_ 

As shown in Figs. 2 and 3, and by the negative signs of el and eR for meta- 
and para-substituted pyridines and the positive signs of eI and k for the correspond- 
ing anilines and phenols, the substituent e&cts in pyridines are reversed compared 
with the effects in anilines and phenols. The polar interactions between the pyridines 
and the stationary phases are restricted to dipole-dipole and dipole-induced dipole 
interactions. Therefore, the substituent effects in meta- and para-substituted pyridines 
are caused by the antagonism between the dipole moments of the pyridine moiety 
and the substituent. This antagonism is absent in o&o-substituted pyridines. Ac- 

cordingly, the substituent effects are mostly small: see the points for the halogen 
and cyan0 substituents in Fig. 3c. 

The positive ,or and eR values for phenols and anihnes can be explained by 
assuming the ddlog VN values to represent mainly the effect of the substituent on 
the intermolecular hydrogen bonding between the hydroxyl or amino group and the 
stationary phase37-39. 

In order to show that intermolecular hydrogen bonding is important, even 
at a temperature as high as 206°C the association constants for hydrogen bonding 
of phenol and aniline with PEG are estimated by applying the following equation: 

In this equation, which is an adaptation of eqn. 8 given by De Ligny in ref. 9, VN 
represents a value for the hydrogen donor molecuIe (phenol or aniline). V$ is a 
datum for a reference mokcule that cannot form hydrogen bonds and has about 
the same dipole moment as the hydrogen donor molecule; in this case chlorobenzene40 
is taken as the reference compound*. The term x represents the molar fraction of 
the hydrogen acceptor compound (PEG) in the stationary phase, which is equal to 
unity in the present case. K’ is the apparent equilibrium constant for the association 
of hydrogen donor and acceptor molecules (molar fraction scale”). 

Substitution of the appropriate data of Tables I and II in eqn. 16 results in K’ 
values of 7.9 and 2.3 for phenol and aniline, respectively, at 206°C. A comparison 
with literature data can be made in the following way_ 

Diethyl ether, tetrahydrofuran and PEG all have ether oxygen atoms as proton 
acceptors and will have comparable hydrogen bonding properties. From data on the 
partial molar enthalpy and the standard partial molar entropy of hydrogen bonding 

* Analogously to the pure base method, given by Aruett and co-workers4**4f for tiding themo- 
dYnamic data for hydrogen bonding, methoxybenxme can also be cho+ as the reference compound. 
This hardly akers the conclusion derived from ffie application of eqn. 16. 

** The original version of eqn. 16 was intended for a group of closely related hexadecaue-type 
stationary phases. Therefore, the application to the very diiimilar phases PEG and Apiezon yieIds 
only approxialate K’ vahIes_ 
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of the former two compounds with pheno141@sU and aniline4’, it can be calculated 
that at 206°C the association constants on the molar fraction scale would be 3.8 
and 1.3, respectively. These data are in reasonable agreement with the values of the 
association constants for hydrogen bonding of PEG with phenol and aniline, estimated 
above. 

Eqn. 16 is based on the assumption that hydrogen bonding in Apiezon is ab- 
sent. However, in view of the good correlation of the Adlog VpsB and AAlog VrsB 
data on Apiezon with the corresponding data on PEG (Figs. 3a and 3b), some hy- 
drogen bonding must occur, presumably with the about 5% aromatic material in 
Apiezon M. [Literature data on hydrogen bonding with aromatic compounds are 
as follows: AB w -1.5 k&-mole-r (refs. 41,43 and 46), AS0 M -1.2 (ref. 43) to 
f1.0 (ref. 46) cal~mole-l~K-L’ for phenol, and AR = -1.64 kcal-mole-‘, ASo = 
-3.7 cal~mole-l-K-l* for aniline a7. At 206°C A,u” would be equal to - 1.5 kcal - 
mole-’ for phenol and f-O.1 kcal- mole-’ for aniline, corresponding to association 
constants of 5 and 0.9, respectively. K’ values of this order of magnitude can be 
determined experimentally indeed.] 

The negative AAlog V, values for o&o-substituted anilines and phenols (see 
Figs. 3a and 3b) can be explained qualitatively by hindrance of intermolecular hy- 
drogen bonding, caused either by steric effects, or by competition of intramolecular 
hydrogen bonding. The latter effect is well known for these compounds4g*49, e.g., 
Spencer eC al. So found that o-methoxyphenol does not give a hydrogen bond with 
ethers because the intramolecular bond is too strong. 

The applicability of cqn. 7 for the purpose of predicting APlog V, values has 
some limitations, as is demonstrated below. m-Aminophenol can be regarded either 
as a substituted phenol or as a substituted aniline. Consequently, a AAlog V, value 
for this compbund should be calculable in two ways: 

(1) by substitution of the 9 values for phenols (TabIe VII) and the u values 
for NH, (Table XII) in eqn. 7, resulting in AAlog V’ = -0.125 for PEG at 206°C; 

(2) by substitution of the corresponding e values for anilines and G values for 
ON in eqn. 7, resulting in ddlog V, = -0.002. 

The poor agreement between these results can be explained as follows. In the 
first case, the substituent effect of OH on the hydrogen bonding of the NH2 group 
is neglected and, conversely, in the second case the effect of NH, on the hydrogen 
bonding of the OH group is neglected. Therefore, it must be concluded that eqn. 
7 cannot be used for the prediction of the AAlog V, values of the compounds XNY, 
when both X and Y can give strong interactions (in the present case hydrogen bonds) 
with the solvent. On the other hand, by measuring the retention volume of m-amino- 
phenol and comparing the experimental AAlog V, value with the predicted values 
mentioned above, it would be possible to investigate whether the OH or the NH, 
group is involved in hydrogen bonding with the solvent. 

The effect of the column temperature, T, on the e values is similar to its effect 
on log V,. The latter effect is represented mainly by the values of V, in Table IV. 
In Table IX some values of e/v, are given. These values show o&y small variations; 

* ‘i%e origind literature data on LISO ate on the moltity Scale (L@). They were re-calculated 
for the mohr fraction scale (As03 by using the equation AS!j = ALQ f RI&V, where N is the nt!mber 
of moles of solvent per Ii&e. 
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g&W, .A_n%xs 3 I*41 -l&b 
4 2.64 2.72 

PklOis 3 I.59 1.57 
4 2.28 2.28 

Pyridks : -1.54 -1.43 
-2.00 -1.86 

od K Anilines 3 0.7 0.8 
4 25 2.6 

Phenols 3 1.1 1.1 
4 2.0 2.0 

Pyridilles 3 -0.2 0.0 
4 -0.1 -0.6 

- eE/VI AIliliXllZS 3 -00:; 0_2 
4 -1.1 

Phenols 3 0.1 0_2 
4 -0.4 -0.5 

Pyridiies 3 0.1 0.0 
4 0.7 0.4 

only for the py&lines are -some of the variations significant. Therefore, it can be 
concluded that temperature does not have a specific effect on the substituent inter- 
actions. 

A tinal question to be discussed is whether the cyclohexanes can be used as 
reference compounds to describe substituent effects in benzenes, and whether the 
hexanes can be used as reference compounds for the cyclohexane& From the data 
in Tables I-III, values of ddlog Vgc and &log pN*” were calculated_ These data 
were correlated with the substituent constants, using eqn. 7 as the regression equation. 
The results are given in Table X. 

It must be realized that we are now not comparing the compounds XNY and 
XNZ, but the compounds XNH and XMH, where N and M are two different carbon 
skeletons. Accordingly, eqln, 4 now reads as follows: 

log [*I - log [$=I = AAlog WC 

or 

For theAAlog V2= values the results of the regression analyses are good_ As expected, 
both inductiveancI resonance effects contriiute to these values.‘ForI333, the Quantity 
log vp== - log Vrr*=== represents mainly a dipole (PEG~induced dipole 
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SK6sa&flzt bfl G GE 

zs 0.0 0.0 -0.113 -0.207 -a050 -O&%0 

i-C$& -- -0.009 -0.093 -0.067 
ferr_-CJ& -0.019 -0.100 0.012 
C&b 0.153 -0.086 -0.l75 

El 0.463 0.450 -0.286 -0.177 0.384 0.243 
Br 0.450 -0.162 0.225 
I 0.414 -0.132 0.157 
OC& 0.279 -0.412 -0.033 
OH 0.274 YO.475 -0.095 
NJ& 0.188 -0.580 -0.468 
Ch 0.474 0.003 0.270 
COCK, 0.271 0.139 -0.475 
CO$ZHs ozTg2. 0.134 -0226 
CN 0.566 0.085 -0.095 
N4 0.613 0.152 -0.302 

(benxene) interaction. The important conclusion is that eqn. 7 holds not only for 
substituent effects on hydrogen bonding interactions (PEG and phenols br anilines) 
and on dipole-dipole interactions (PEG and pyridines), but also for substituent effects 
on dipol&nduced dipore interatious (PEG and benzeues)‘. 

For the ddlog V, C-H values the results of the regression analyses are poor: the 
standard deviations of the regressions are of the same magnitude as the standard 
deviations of the ddlog Fiu vahtes (compare the entries in the last two columns of 
Table X). Only inductive effects are expected to contribute to ddlog V$u, as both 
the cyclohexane and the hexane systems are saturated_ Indeed, only the eI values 
are significant (at the 90% probability level). 

Relatively few gas chromatographic data in the literature are suitable for cor- 
relations according to eqn. 7. Mostly, data for suitable reference compounds are not 
available. Moreover, the data must-be very precise, as four data in the left-hand 
side of eqn. 7 are combined and as three regression coefkients must be estimated. 
The only suitable data that were encountered were those of West and HalP. Their 
quantities P for X-substituted chlorobenzenes represent deviations from additivity 
of retention indices, br 

(HNH denotes benzene, etc. This equation is a combination of eqns. 7-9 in ref. KS). 
As I is‘proportional to log V’, the P values are proportional to ddlog V' VA.ES 
(compare eqns-18 and 7). Pcl.a values for Carbowax 20M (comparable with PEG 
20,000) and Apiezon N were calculated according to equ. 8 in ref. 18. The results 

*Other examplesaretbeddlog ~"vdues in Apiezcmandthe F*~Bv~uesin Apiezon(see 
below). 
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of the regression analyses on the F cu values by eqn. 7 are presented iu Table XI. 
The standard deviations of 5-g I units are of the same order as the experimental 
error. In Table XI it is demonstrated that inclusion of data for the substihrents OH 
and NH, (numbers 10 and 11) in the correlation greatly increases the standard devia- 
tions for Carbowax, whereas no effect is found for Apiezon. This is in aeeordanee 
with expectation, as the effects of intermolecular hydrogen bonding will be greater 
for Carbpwax than for Apiezon. The negative cl and eR values show that the sub- 
stituted chlorobenzenes have reversed substituent eflkcts of the same type as discussed 
for the pyridines. 

CONCLUSIONS 

The deviations, ddlog VN, of the additivity of group contributions to log VN 
can he correlated with Hammett-type substituent constants, using a three-parameter 
regression equation. The dd log V, values for anilines, phenols and pyridines can 
be described very well by such an equation, with the exception of the values for 
ortho-substituted anilines and phenols. The ddlog V, values for anilines and phenols 
represent mainly the effect of the substituents on the intermolecular hydrogen bond- 
ing between anilines or phenols and the stationary phase. The substituent efkets in 
meta- and Farce-substituted pyridines and chlorobenzenes are the reverse of the effects 
in the corresponding &lines or phenols and must be explained in terms of dipole- 
dipole and dipole-induced dipole interactions between the pyridines or chloroben- 
zenes and the stationary phase. The temperature has no speciiic eEkct on ddlog V, 
values : the effect is analogous to the temperature effect on log YLv values. The sub- 
stituent effects in benzenes relative to the effects in cyclohexanes can also be described 
fairly well with the same substituent constants. The description of the effects in cyclo- 
hexanes, relative to the effects in n-hexanes, is less satisfactory. 

The effect of sample size on V, is caused by vaporization phenomena directiy 
after the injection of the sample, rather than by the occurrence of curved partition 
isotherms. 

APPENDIX 

The three substituent constants, or, Go and aE, used in eqn. 7 were generated 
from-570 literature data on substituent effects for 17 substiruents in 76 series of chern- 
ieal reactions or equilibria. All types of reactions as distinguished by Ehrenson et 
al.=, i.e-, % a,, GRw), qg, o&A) and a,-(P), were represented in the series. The 
generation procedure, which was also an optimization procedure, included factor 
analysis”@. Values of the substituent constants are given iu Table XII. 

The constants 0, and CR closely resemble Taft’s q and tiR. The parameter GE 
represents the direct resonance effect iu a combination with the inductive and normal 
resonance effect. If substituent eflkets are defined in such a way that ei and eR are 
positive, then eE is negative for o,--type reactions, zero for +type reactions and 
positive for a,‘-type reactions. Thus, the sign of & identifies a reaction as belonging 
to one of the reaction types. 
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