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SUMMARY 

Solubihty factors in gas-liquid chromatography have mainly been determined 
by the work of two groups of workers : Snyder, Karger and Eon through an expanded 
version of the Hildebrand solubihty parameter, and Laffort, Patte and Etcheto 
through a computer program related to factor analysis. An experimental comparison 
between these two approaches has been made, giving a mutual improvement (ap- 
proximately 80 % of mutual agreement)). Some applications in biology are considered, 
especially in 01faction. 

INTRODUCTION 

Several workers have attempted to characterize the cohesion of solutions from 
factors of solutes and of solvents. Pn the more restricted field of gas-liquid chroma- 
tography @XC), Rohrschneider proposed in 1965’ a linear equation to calculate the 
Kovdts retention indices: 

where & is the retention index for squa!ane, a, 6 and c are the solute frrctors and X, 
y, z the solvent factors. Rohrschneider himself extended this equation to six terms in 
1966’ and McReynolds proposed one of eight terms in 19703. 

The genera1 purpose of these approaches was EO classify stationary phases 
simply, withoutattempting to obtain factors mutuatEy independent or “orthogonal”. 

Weiner and fiowery, in 197r15, obtained from the experimental data of 
Robrschneider and McReynokjs eight abstract orthogonal factors by using factor 
analysis. They then tried to superimpose a physico-chemical space on the mathematical 
space defined. They had some success: in their two papers, three of the eight factors 
were identified. In one, the~moIar pdarizability, the square of dipole moment and the 
heat of vaporization were identified, and in the other the “gas imperfection term 
using the Van der Weals equation of state”, an “alcohol-like character” and an 
“electron donor ability” were given. There is, of course, a large overlap between these? 
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two groups of properties, and there remain five factors to be identified in both in- 
StaXlCXS. 

Also in 1972, Dravnieks and I.&fort? proposed to characterize this space by 
a linear equation of only four terms, in which the solute factors were identitied as: tz, 
the molecular volume (or apolar factor); e, the receptor of proton -ability; z, the 
proton donor ability; and E, an index of local volume polarizabihty (or electron 
factor). Numerical data for 3: substances were obtained, and highly significant COF- 
relations between these physicochemical properties and a biological property 
(olfactory) were found. 

In 1974, Lafbort, Patte and Etcheto’ improved the method. They derived these 
moIecular properties with good accuracy from only 4 stationary phases instead of 25 
and gave numerical data for 85 substances. 

Let US consider the diEerent numbers of factors involved according to the 
several workers quoted*. The number of factors to be taken in account depends on 
their orthogonal&-y, on the sample of substances and phases, and on the mean ac- 
curacy of the calculated retention indices. This accuracy has to be comparable to the 
mean experimental accuracy, which most of the workers estimate to be within 6 and 
9 Kovats index units. An accuracy of 3 index units found by Weiner and Mowery 
with 8 orthogonal factors must be considered as illusory. 

In a parallel direction to this empirical progress from 1965 to 1974, there is a 
semi-theoretical approach, elaborated by Snyder in 1971g and further developed in 
1975 by Snyder and co-workers 1o*11. They expanded the “solubihty parameter” of 
Hildebrand and Scott’s theoryU*13 to five partiai parameters, which they called 
parameters of dispersion (&), orientation (6,), induction (&,J, basic&y (S,) and acidity 
(a,). They developed from this a general theory of retention, valid for the several kinds 
of chromatography: by partition OF adsorption, in the gaseous phase or in a liquid, 
which takes into account the partial solubility parameters of the solutes, solvents and 
adsorbents, and the molar volume of the solutes. An equation with Eve terms was 
proposed for GLC. 

The purpose of the present work is to compare this semi-theoretical ap- 
proach and the empirical approach 01 c Ltiort et al.‘, in order to try to realize the sug- 
gestion made by Keiler in 1973 14: “It seems clear that factor analysis needs to be ap- 
plied to test the value of extended solubihty parameters once a more complete set 
becomes available”. 

We mention the topologicatl approach only as a reminder, because it implies 
that a limited number of physico-chemical factors cannot explain the solutions and 
the adsorptions. To our knowledge, this approach has b&en ftitful only in 
pharmacolom, when families of very similar substances are involved. For GLC, 
Lenfant et &.ls in 1971, by using the DARC system, proposed an equation of seven 
terms to predict the retention times of saturated ketones, which is not valid, of course, 
for substances with o*&er functional groups. It is to be hoped, however, than in L&e 
future a comparison between topology and thermodynamics will be made, similar to 

* Dapuis 2nd DijkstrS studied the ckssification of phases and estimated that 10 f~cttrs are 
~eoEssrrry. 
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the physico-chemical comparison between theoreticail and empirical approaches that 
we are analyting in this paper. 

MATEZSAFS AND METHODS 

The methods used were the same as those used by Dravnieks and LafforP and 
LaEort et aZ.7, with the numerical partial solubility parameters given by SnydeP in 
addition. 

&w&s retention indices 

Kov&s retention indices were measured by McReynoIds in 1970*6 for the 
interaction of 68 substances on 2.5 phases at 120”. We added seven n-alkanes in order 
to make the computations easier. 

Computer program 
The program used was established by Robin and Laffort in 1971r7. It is related 

to the programs of factor analysis, but it requires an initiation by values that approxi- 
mate to the real solution. Fig. 1 shows how it works. 

correbtion A 

solutes 

t 
eucrektion B 

t 

Fig. 1. Kepresefitation of the Robiu-L&Fort computer progrun”. Correktion B depends only on the 
number of factors, whereas correlation A depends on the MPUT solutes hctors matrix For a given 
number of factors (see text). 

The correlation A depends, for a given number of factors, on the initiation of 
solute factors; if the matrix INPUT is made with randomized digits, the correlation 
will be bad. If, on the other hand, it is made with molecular factors involved in the 
phenomenon, the correlation will be good. The correlation B between experimental and 
caIcuh&d Kov&s indices depends only OR the number of factors chosen. It will be 
unity if the number of factors is the same as the number of soIvents (25 in our case). 
Fig. 2 shows how Dravnieks and I&for@ estimated, in 1972, that the number of fac- 
tors involved is four. Instead of a correlation coefficient, they calculate@ the “stan- 
dard error” between the c&u&ted and experimental retention indices using eqn. 2, 
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1 2 t 4 

Fig. 2. Comparison between ‘rhe “stan&.rd error” of calculated retention indices in GLC and the 
“expcrimentai standard error”. The latter, being found to be equal to 9 index units, seems to indicate 
that four factors are sufficient to explain the phenomenon. Index range, 2084600; mean, 900. (From 
Dravnieks and Laffortb, modified.) 

which they compared to the value of the “experimentaal slaudard error” given by 
eqn. 3. 

Standarderror = dX(I,,t,_ - I,,,_)‘i(n - 1) (2) 

Experime&l standard error = dZ (&,. - &D/(n - 1) (3) 

The experiment& standard error, on the basis of numerical experimental data, 
was evaluatesj as 9 Kovdts’ index units. The consequence was the assumption that 
four factors were invoked. A hypothesis of an experimentat standard error of six 
index units would have implied five factors, etc.*. 

Let us consider briefly how Snyder et ai_ I0 define the components of the 
Hildebrand solubiiity parameter (6> : 

* The method of Rohrscimeider (six non-orthogonal f~Sors} far Q r&t& of 20 solutes by 25 
solvents gives also, by using eqn. 2 on McReynoIds data, a standard error of 9 Kov&a index units. 



where AE” is the flee entbdpy of vaporization. 
T&e cakulation of the free enthalpy of solubiiity of a binary mixture gives, ac- 

cording to these workem* in the particular case of GLC, the foilowing equation, ia 
which i is related to the solute and j to the stationary phase: 

If we take into account ia zt first stage only the solute factors as variables, the 
solvents factors can be gathered in arbitrary constants. Under these conditions 

Therefore, the experiments we made were essentially an initiation of the 
Robin-L&Tort program by V,, &, VzO aO, V,, Bin, V,, 6, and V,, &,, on the basis of 
retention indices established by _McReynolcls. 

RESULTS AND DISCUSSION 

First stage 
The 25 substances for which both Kov&s indices on 25 phases and partial 

solubility parameters were avaiiable are given in Table I. Also reported are the 
partial solubility parameters, the products V,, 6 and (V,,/ V,) S, (V, being the molar 
volume at the boiling point)“. 

Preliminary examination of Table I suggests that the products V,, SO, V,, S, 
and Vzo 8, are relatively constant for a given fmzctional group and environment. This 
will be confirmed later by the values found for subk’tinces included in larger 
homologous series. It is also evident that the product (V,,/V,) & is constant for a 
given functional group. This can be explained easily. From Snyder et ~l.lO, we have 
the approximate relationship 

that is 

86 = 30.7 +- 
20 

from which 

6 ‘/zO - = 30.7 (g-2) = 30.7% 
d v, 

Because R, and V, are both additive properties, the ratio will be virtually 

* S,, 8, 13. 2nd 6, were given by SnydeP; 6,, ~2s calculated from eqn. 4; the global value of 6 
was also given by Snyde?. 
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cxmstaant for a given homofogous series. For example, for C,&& n-alkanes the S, 
values 1%~ in the -kange 6.4-&L, but the product & (V,,l V,) is always 6.4_ 

Table II indicat& the methad used by Kopp (quoted by Partingto~‘~, pp. 17- 
28) to calculate V,. The original list of increments was expanded by LaEort in 196gzg 
and L&fort and Dravnieks in 1973=* *. 

-i-ABLE IE 

LIST OF INCREMENTS FOR EVALUATIXG *MOLAR VOLUMES AT BOItiNG POINT, 
V,, ACCcX?.DKNG. TO KOPP, LOSSEN, SCHIFF AND ZANDER AND LE BAS (ALL 
QUOTED BY PART.KNGTON’8) 
The balance between authors zmd additional increments sre from LMorF9 and Laffort and 
DrczMiekP_ 

Group Group 

H- 

/ 
=C= ad -_Cz 

N (in CN and N02) 
Ring of 6 atoms 
Ring of 5 atoms 
Ring of 4 atoms 
Ring of 3 atoms 

5.5 

11.0 

13.0 

t5.0 s= 28A 
15.6 F- 12.6 

-15.0 CI- 22.8 
--1f.S Br- 27.8 
-8.5 I- 37.5 
-6.5 P(III) and P(V) 25.4 

-Q- 7.8 

o= 103 

-S- 22.6 

Second stage 
The Robin-L&Tort computer pro,gram was initiated by three sets of random 

numbers for the substances in Table I. The correlation coefficients between the 
INPUT and OUTPUT solute factors are reported at the top of Table III. According 
to this table, it seems that an initiation has to generate correlations close to 0.9 in 
order to be valid. 

The same program was then initiated by V,, dd, V,, &,, V,, &,, Vz,, & and 
VI,, S, a9c+ing to Snyder ef QC. lo. All of the initiations, as seen from Table III, seems 
to be acctkate except for V,, ai,. 

If the product (V,,/V,) S, takes the piace of V,, din, all initiations are good (see 
also the results in Table III). Usefui conclusions can be drawn from these results: on 
the one hand, it appears that-fiiv‘e‘ factors have to be taken into account, instead of 
four as LaEort zz al. believed; on the other hand, Snyder et al.% theory, in its appka- 
tion to GLC is verified at SO% (4 out of 5 initiation terms) and becomes easy to 
verify at loO”A with a slight adjustment. The degree of overlapping between these 
results and the factors proposed by Laffort et al. in 1974’ wilt be seen later. 

a In tie prtica~Iar case of n-alkznes, V, cazl be caIcukkci by the very simple equation 

V,(inl~=2hiil (8) 

in which n is the number of carbon atoms. 
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T-ABLE LTI 

CORRELATIONS BJZTWEEN THE INPUT ANB OUTPUT SOLUTE FACTORS FOR 25 
SUBSTANCES 
See explanation in text. 

Istfactor 2nd factor 3rd facfor 4fh factor Sttr factor 

Random numbers 0.22 0.04 0.56 0.15 0.10 
O-i9 0.05 0.00 0.15 0.12 
0.3s 0.29 0.39 0.39 0.05 

Strict Snyder er al. theory v20 8, K* 60 v,, 61, KO & vi0 & 
0.99 0.93 0.56 0.87 0.92 

Adapt& Snyder et al. theory V,,(s, vz, 47 c VXJIEJ 4s v,* & Vzo & 
0.98 0.93 0.89 0.93 0.94 

As can be seen in Fig. 1, the program also generates solvent factors matrix. 
With the matrix obtained in the last case of the- second stage, we found easily (by 
regression analysis the solute factors for the 75 substances, the retention indices of 
which were available on 25 phases. 

Fourth siage 
At this stage, we selected the five stationary phases reproducing with accuracy 

the results of the third step. As in 1974, according to Mart et al_‘, no set including 
an apolar phase was acceptable. The five phases selected were Zonyi E7 (DuPont, 
Wihnington, Del., U.S.A.), Carbowax KIOO, tricyanoethoxypropane, polyphenyl 
ether (6 rings) and diethylene glycol suecinate (Applied Science Labs., State College, 
Pa, U.S.A.). The first four are the same as those previously selected. 

Fifth stage 
The solute factors obtained at this stage were compared with an “index of 

cohesive ener,gg” (ICE) defined by eqns. 9 and 9a. 

ICES = -(iog vapour pressure at 25” in atm) if tb 2 25” (9) 

ICE= = [-& -’ r 0.616g13 - 2.45 if tb< 25” 

The comparison was made with a polynomial regression program. Eqns. 10 
reproduce the definition of the primary factors in GLC in this “1976 version”, as we 
have proposed. 

cr = 0.503 z - 0.119 c + 0.016 T + 1.602 P - 1.514 D 
o = 0.286 2 f 0.433~C - 0.220 T - 0.041 P - 0.458 D 
E = -0.737 2 f 0.651 C + 0.905 T - 0.654 P - 0.165 D 
z = -0.031 Z - 0.127 C - 0.283 T f 0.567 P - 0.126 0 
13 = 0.273 2 - 0.816 C - 0.596 T- 0.008 P +- I.147 D 

wo 
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in which 

Z=(f- 100)/100 on Zonyl E7; 
C = (I - lClO)/~~ on CarbowaX lOGO; 
T=(f-- 100)/100 on trIcyanoeahoxypropane; 
P = (I - lOO)/lOO on polyphenyl ether (6 rings): 

_D = (I - lOQ)/lCG on diethylene glycol succinate. 

According to this definition, each factor has the same weight in its contribution 
to the “index of cohesive ener_&‘, as shown in eqn. 11: 

ICE,(X) - LCE,(CH,) = a + o + E f z -+ fi - 1.2 air (r = 0.99). (11) 

The ICE= value for methane is - 1.74. The values of Q, U, E, z and B in the 
1976 version for the 75 substances studied are reported in Table IV. 

Our approach suggests two comments about the globai solubility parameter as 
defined by Hildebrand and ScotP”. The first comment was implicit in the first stage 
of the present work: why is V,, instead of V, used as an approach to the actual molar 
volume? The second comment concerns the choice of the free enthalpy of vapor- 
ization, bEc, rather than the saturated vapour pressure as a criterion of ‘%ohesion 
ener_&‘. Several forces of cohesion are not necessarily implied in the same propor- 
tions at difGerent temperatures, because of molecular motion. The following experi- 
ment confirmed this hypothesis. 

The saturated vapour pressure at 120” for the same 75 substances was treated 
by a polynomial regression program. We obtained (r = 0.99): 

-(log vapour pressure at 120” in atm) = 0.62 Q t 0.55 o -i_ 0.66 E t 
+ 0.27 zz f 0.62 @ - 0.44 .FZ - 5.0 (12) 

To simplify, we can say that the factor z (proton donor) is proportionahy half 
as involved, in comparison with the other factors, at 120” as at 25” (coefficient of 
proportionality is 0.3 instead of 0.6). Therefore, it seemed to us more precise to 
choose an index of cohesion, determined at a given temperature. However, for the 
substances too near their critical temperature, we preferred to derive this index of 
cohesion from boiling points rather than saturated vapour pressures. We estimated 
that this was the case for all substances in the gaseous state at 25”. 

We believe that solute factors are expressed in an easier form in terms of (I, 
o, E, z and p rather than S, because four out of five factors characterize only the func- 
tional group and its environment, whereas only the last one characterizes the molar 
volume. On the other hand, eqn. 11, relating the “index of cohesive ener_&’ to these 
factors, is simple, with no squared terms and only one cross-product. However, while 
waiting to see more cfearIy which kind of expression will be the most useful, we 
established eqns. 13 in order to pass easiiy from one expression to another: 
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(r ‘= 0.9s; N = 75) 
(T =0.98, N =& 75) 
(r = 0.84, x = 2-q 
(r = 0.92, X = 2.5) 
-(r = 0.89,-N = 25) 
(r = 0.85, N = 25) 

.The last four columlns in Table IV show the numerical data we obtained vvith 
these equations for the 75 substances studied. Workers in thermodynamics shorrld be 
able to say if these data seem precise.- Theoretical adjustments could perhaps allow 
a new initiation of our program that is more accurate. 

.The first four factors proposed in this work are closely related to those of 
Laffort et al. (“1973 version”), as shown in Fig. 3. we changed the letter 9 (receptor 
of protons) into o (Orientation), which seems more appropriate.] The new factor p 
{of basicity) is not well correlated with any of the old factors. 

- 0.93 - 

- 0.98 - 

- 0.99 - 

- 0.§8- 

Fig. 3. Correbtion coeEcients (according to Pearson) between the 1973 version of mo!ecuIar factors 
and the 1976 version for 75 substances. 

APPLICATIONS IN BLOLOGY 

Among the molecular properties used by some pharmacologists (Hauschz’) 
For correlation with biological properties, only one is “polychromatic’*, e.g., valid 
for various families of substances at once, namely the partition coeEcieut of 
octanol-water, 2’. This coeEcient P, estabiished for 31 of the 75 substances @died 
above, cau be calcufated from the live molecular factors with good accuracy (r = 
0.95) by means of the equation 

1ogP = cz - 0.930 -I_ 0.80~ - 0.29~ - 0.22p.i 0.38 (14) 

Therefore, the present work could perhaps be applied iu pharmacology, but 
there is the Iimitation, ir&erent in GLC, that it cannot be used for substances of low 
vola*ity. We are now attempting to extrapolate the results obtained in gas chroma- 
tography to liquid chromatograihy, for the purpose of studymg slightly volatile sub- 
stances, but we have not yet achieved consistent results. 

In kact, our general purpose is to attempt to idemify the significant motecuiar 
charactefistics for the neuroreceptors of the olfactory system. Highly sig&icant cor- 



relations hzme been istiblished between experirkenfal and cakulated hutian oKa&ory 
thresha&, on the basis of the “1973 version” of mokcular factors. Fig. 4 (according 
to Etchetoz) shows ffie results obtzined so far. The accurazy is comparable to that 
oE the experiment, except for three substances. Unfortt~~ately, these three substances 
ark not inckded in the set stidkd in the present work. Using a five-column system 
filled with the f&e phases d&bed above, we zue the&Core meztsting experimentally 
the retention indices of the 180 substances previously st&ied with only four phases. 
We are expecting that the three exceptions in Fig. 4 will disappear. 
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FXg. 4. Compakon behveen experimenti znd calcufated hums of.Factory thresholds on the basis of 
the “1973 version” of moi& factors for 79 subs~ces. Data are expressed as -(log molar frac- 
tions). (From Etcheto5r_) 

Fig. 5 was proposed by Patte in L974=, and represents sinGkities and dif- 
ferences in the distribution of molecular f2ctors (1973 version) for substances wi’& 
vations quaktive olfactory notes. It seems that a given distribution pattern can 
characterize only one quatitative note, even if the results are not numerous enoragh to 
be absolutely sure. We are Aso expectin, = that the t&&g into account of five factors 
will improvti the correspoadences. 
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&NCLUSEON 

The cbmparison between the semi-theoretical 2pproach of Snyder and co- 
WOTkeTSfO-xl and the enpiricai approzh of Laffort et c&’ indicates co&dence in each 
and also a mutuai improvement. It is clear that or; the one hand the induction solubility 
parameter &, does not seer@ to be cone& defined, and that on the other hand five 
factors instead Of four h2ve to & considered. However, for the remaining factors, a 
very good correspondence has been established. On the basis of the overlapping ob- 
served, simple equations have been proposed in order to establish the numeric21 
values of factors in both approaches from the retention indices compared on five polar 
phases. 

We hope that this cooperation is only 2 first step. Workers in thermodynamics 
shouid now be able to further refine these data, and topologists to compare them with 
their own approach. It will, perhaps, be possible that working together in this way 
will be useful not only in olfaction, but also in other scientific fields. 

The authors acknowledge Dr. W. 0. McReynolds for his unpublished chro- 
matographic d&2, without which this and other previous work could never have been 
carried out. They also thank Dr. P. Robin for his help in working out the computer 
program. 
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