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Abstract 

Relations between the chromatographic retention of various classes of homologous 
compounds in flat-bed chromatography systems and the thermodynamic properties of 
the latter were investigated. Provided the retention of solute ( i )  is due to liquid-liquid 
partition, the R ,  is related to the partial molar excess Gibbs free energies of the 
solute in the mobile and stationary phases, ern and G, by R M ~ =  [(ern - Gf)/ 
2.3RTI - log A ,  where R and T are the universal gas constant and the absolute 
temperature of the system, respectively, and A = drnM&rn/d~Mrnq5s, d ,  M, and @ 
denoting the densities, molar masses, and cross-sectional areas of the mobile and the 
stationary phases, m and s, respectively. The difference in the partial molar excess 
Gibbs free energies per solute methylene group in the mobile and in the stationary 
phase, related with the RM increment per methylene group of solute by GJCH2) 
- @(CH2) = 2.3RTRdCH2) ,  can be used to characterize the difference in the 
polarities of the phases. 

INTRODUCTION 

The homologous retention increment has been a subject of interest to 
chromatographers since the earliest times of the development of chromate 
graphic techniques. Most of the empirically observed regularities between 
the chromatographic behavior of homologous compounds and their physice 
chemical and/or structural properties can readily be interpreted in terms of a 
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1042 PETROVI~, T R A L J I ~ ,  AND N O V ~ K  

homologous increment. Naturally, the first fundamental papers on this topic 
come from the area of flat-bed chromatography (1-4). However, the 
significance of the homologous retention increment is quite general in 
chromatography. Actually, the commonly recognized advantages of using 
the carbon number concept (5-10) and/or retention index systems ( 1 2 )  to 
process gas chromatographic retention data are largely due to an 
approximate constancy and additivity of the logarithms of retention 
increment per a methylene group of solute on a given stationary phase at 
fixed conditions. The possibility of employing different classes of reference 
compounds in the above systems was shown to be based on the same 
argument (22) .  The homologous retention increment was also found to be a 
possible measure of the polarity of gas chromatographic stationary phases 

The aim of this paper is to present thermodynamically rigorous relations 
between chromatographic retention data measured in flat-bed liquid-liquid 
systems and the properties of the latter, and to discuss the possibility of using 
the homologous R, increment as a criterion of the polarity of the phases in 
flat-bed systems. 

(23-15). 

THEORETICAL 

Providing chromatographic retention is based on the mechanism of liquid- 
liquid partition, the standard Gibbs function of the transition of 1 mol of 
solute i from a standard state of pure solute at infinite dilution in the 
stationary phase (s) to a standard state of pure solute at infinite dilution in the 
mobile phase (m) at the temperature (T )  and pressure in the system, i.e., the 
standard molar Gibbs function of desorption, A a i ,  is given by 

AGfi = R T In ( ~ ~ X ~ J ~ ~ ~ X ~ , )  ( 1 )  

where y$, yf,t, xis, and x,, are the Henry-law activity coefficients and the 
mole fractions of the solute in the stationary phase and in the mobile phase, 
respectively, R being the perfect-gas constant. At very low solute concentra- 
tions, both yT, and y b  approach unity, and 

GZi = R T  In ( x i s / x i m )  = RT In ( y i " , / ~ ; ~ )  = Gfm - G i  (2)  

where yi", and yi", are the Raoult-law activity coefficients of the solute in the 
mobile and stationary phases, and Gf, and GE are the corresponding partial 
molar excess Gibbs functions, respectively. Provided the solute distribution 
constant, KDi, is defined as 
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HOMOLOGOUS RETENTION INCREMENT 1043 

where n,  and nirn are the mole numbers of the solute present in the volumes Vs 
and V, of the stationary and the mobile phase, respectively; d, M, and $I are 
the densities, molar masses, and cross-sectional areas of the phases; and Rfi 
is the retardation factor of the solute, Eqs. (2) and (3) yield 

(4 )  
@mdrnMs 

ds Mm Qsds M m  
= 2.3RTRM,, + R T l n  KDidmMs G$;= R T l n  

where (3) R,; = log [( l/Rf,) - 11. Applying Martin’s (2, 16) theorem of the 
additivity of ARM values corresponding to the individual groups constituting 
the solute molecule, it is possible to write for a monofunctional straight-chain 
compound i = CH,( CH,),,X: 

AGZ = AG: (CH,) + nAGXCH,) + AGXX) ( 5 )  

and 

dAG;;/dn = AG$(CH2) = GE(CH2) - G:(CH2) = 2.3RT(dRMi/dn) 

= 2.3R TRM( CH2) (6)  

The quantity @( CH2) is a measure of the nonideality of a dilute solution 
of a unit of nonpolar mass (a  methylene unit) in the given liquid, or, in other 
words, a measure of the reluctance of the liquid to accommodate a CH, unit, 
thus constituting a thermodynamically defined criterion of the polarity of the 
liquid ( I  7-22). Hence, denoting the polarities of the mobile phase and the 
stationary phase by Pm and Ps, we have 

P ,  - Ps= 2.3RTR,(CH2) = AG$(CH2) ( 7 )  

According to Eq. (7), positive values of A m C H 2 )  refer to reversed-phase 
chromatography systems. In systems with AG$(CH2) = 0, the solute 
components theoretically can be separated from each other only by virtue of 
their functional groups, without any separation of the individual homologues. 
The concept specified by Eqs. ( 5 )  and (6) are in accord with the commonly 
recognized fact that, in a given system, plots ofRM, versus carbon number for 
different series of homologous solute compounds form a family of parallel 
straight lines. Relatively few exceptions to this rule have been reported (23, 
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1044 PETROVIC, T R A L J I ~ ,  AND NOVAK 

24). Relation (4) formally conforms with that presented by Bate-Smith and 
Westall (3): 

p; = R T  In K D j  = bRMi + k 

where k and b are constants. 

EXPERIMENTAL 

Cellulose MN300 (Macherey-Nagel Co., Duren, G .F .R)  and rice starch 
(Carlo Erba, Milan, Italy) were used for the preparation of thin layers. The 
cellulose layers were prepared according to the recommendations given by 
the producers, and the starch layers were prepared by the procedure 
described by Petrovic and Petrovic (25). The layers were dried in air 
(relative humidity of 30-40%) at room temperature (about 22°C) for 24 h 
before use. 

Straight-chain monocarboxylic acids, a-amino monocarboxylic acids, a- 
hydroxy monocarboxylic acids, and alkyl-3,5-dinitrobenzoates, were used as 
model solute compounds. The developing systems employed with the acids 
and dinitrobenzoates were n-propanol-2 mol/dm3 aqueous ammonia (7: 3) 
and dioxanswater-methyl ethyl ketone (34:35:8), respectively. The 
chromatograms were run by the ascending technique in chambers saturated 
with the solvent vapors at 22 f 0.5"C. 

The spots of carboxylic acids, amino acids, hydroxy acids, and dinitro- 
benzoates were detected with an 0.5% ethanolic solution of 2,7-dichloro- 
fluoresceine (in UV light), ninhydrin reagent, glucose-aniline reagent, and an 
0.0 15 % methanolic solution of Rhodamine B (in UV light), respectively. 

RESULTS AND DISCUSSION 

At least nine chromatograms were run with each series of compounds 
studied, and the Rf values determined for each solute compound were 
averaged. The standard deviation of one determination of R was 0.02. The 
RM values of the individual solute compounds are plotted against the number 
of methylene groups in Figs. 1. and 2. It is apparent from the figures that with 
all the classes of compounds studied the plots are straight lines. The 
parallelism of the straight lines for amino, hydroxy, and nonsubstituted 
carboxylic acids in a given solvent-sorbent system can be looked upon as 
evidence that the values of A@(CH,) are indeed practically constant and 
additive. With systems comprising the propanol-aqueous ammonia solvent 
(Fig. I ) ,  the slopes of R, versus CH, number and thus the corresponding 
A@( CHI) values are negative, indicating that P, < P, in these cases (cf. Eq. 
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HOMOLOGOUS RETENTION INCREMENT 1045 
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FIG. 1 .  Plots of R M ~  versus number of solute methylene groups (nCH2) for n-alkyl 
monocarboxylic acids (+) and the corresponding a-hydroxy (0) and a-amino (0) acids on 

starch (ST) and cellulose (CE). Solvent: n-PrOH-2 mol/dm3 aq. NH,OH (7:3). 

7). On the other hand, in the systems with dioxane-water-methyl ethyl 
ketone (Fig. 2), the positive slope shows that P, > P,, a situation typical of 
reversed phase chromatography. 

Figure 1 shows that the slopes of the straight lines for the three groups of 
acids on cellulose and starch are practically the same with the given solvent, 
and an analogous situation also applies to the system with the dioxane- 
water-methyl ethyl ketone solvent (Fig. 2). The identity of slopes on 
cellulose and starch is interesting; in the light of Eqs. (6) and (7), this identity 
means that the values of P, - P, are the same with cellulose and starch. As 
the composition of the mobile phase and, consequently, the value of P,,, is the 
same in both systems, it follows that there must also be the same composition 
of the stationary phases. If this is true, then (a) the difference RLT - RGF for 
any solute compound is given, according to Eq. (4), by log [ ( C $ ~ / C $ , ) ~ ~ /  
(@rn/C$s)sTJ, and (b) it must hold that RF(0H) = RGE(OH) and R F ( N H 2 )  
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1046 PETROVI~, T R A L J I ~ ,  AND NOVAK 

FIG. 2. Plots of R,, versus number of solute methylene groups (nCH2) for n-alkyl-3,5- 
dinitrobenzoates on starch (0) and cellulose (0 ) .  Solvent: dioxaneH20-methyl ethyl ketone 

(35:35:8). 

= GE(NH2) ,  the superscripts ST and CE denoting starch and cellulose, 
respectively. By processing the appropriate experimental data it was found 
that ( ~ , , I / ~ ~ ) C E / ( ~ , n / ~ ~ ) S T =  2.82 for all the species of acids studied, and 
R C ( 0 H )  = 0.263 k 0.016, Rg(NH2)  
= 0.552 + 0.008, andRLE(NH2) = 0.551 f 0.008. Hence the results show 

RLE(OH) = 0.263 t 0.012, 

TABLE 1 

Values of the Gibbs Free Energy of Desorption per a Solute Methylene Group [APd(CH2)J and 
Differences in the Polarities (P) of the Stationary Phases for the Solutes and the Systems 

Studied 

A q ( C H 2 )  (J/mol) 

Solutes Cellulose (CE) Starch (ST) ‘CE - 

Unsubstituted acids - 1  169 - 1  192 -23 
Amino acids -1214 - 1  197 17 
Hydroxy acids -1242 -1254 -12 
Dinitrobenzoates 84 1 853 12 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HOMOLOGOUS RETENTION INCREMENT 1047 

that R&f - R&F = log [(q5,/q5s)CE/(q5m/q5s)ST] in the systems with the 
propanol-aqueous ammonia solvent. Regarding the parallelism of the 
straight lines for alkyl-3,5-dinitrobenzoates on cellulose and starch (Fig. 2), 
it can be supposed that there also exists a situation similar to these systems, 
R&T - RC? amounting to -0.42 and (q5m/q5s)CE/(q5m/q5s)ST = 0.38 in this 
case. The above findings are not very surprising when the close chemical 
similarity and the appreciably different physical patterns of cellulose and 
starch are considered. 

The data on AG$(CH2) for the individual systems and classes of solute 
compounds and the differences in the P, values of different stationary phases 
(at fixed P,) are summarized in Table 1. 

CONCLUSIONS 

The results strongly support the theorem that with n-alkyl compounds of 
different functionalities, chromatographed in a given TLC andor  LC system, 
the R, increment per methylene group of the alkyl chain, RdCH,) ,  has 
practically a constant value. Provided the retention of solute is due to liquid- 
liquid partition, then 2.3RnR,,,(CH2)] = G ( C H 2 )  - G(CH,)  = P, - P,, 
where Gz(CH2) and Gf(CH2) are the partial molar excess Gibbs free 
energies per solute methylene group in the mobile and stationary phases, and 
P, and P, are the polarities of the phases, respectively. In chromatograms 
run with a given solvent on cellulose and starch layers, the differences in the 
RMi values of a given solute compound on cellulose and starch were found to 
be equal to log [( q5m/q5s)ce/( @,/IJ!J~)~~T],  the compositions of the stationary 
phases in the cellulose and starch beds being the same. 

REFERENCES 

1. R Consden, A. H. Gordon, and A. J. P. Martin, Biochem. J . ,  38, 224 (1944). 
2. A. J. P. Martin, Biochem. SOC. Symp. (Cambridge, England), 3, 4 (1949). 
3. E. C. Bate-Smith and R G. Westall, Biochem. Biophys. Acta, 4, 427 (1950). 
4. M. Lederer, Proceedings of the 2nd International Congress of Surface Activity, London, 

5. T. K. Miwa, K. L. Mikolajczak, F. R Earle, and I. A. Wolff, Anal. Chem., 32, I739 

6. F. P. Woodford and C. M. van Gent, J.  Lipid Res., 1 ,  188 (1960). 
7. R G. Ackman,J. Am. Oil Chem. Soc., 40, 558 (1963). 
8. W. J. A. Vandenheuvel and E. C. Horning, Biochem. Biophys. Acta, 64, 416 (1962). 
9. F. H. Dymond and K. D. Kilburn, in Gas Chromafography 1966 (A. B. Littlewood, ed.), 

1957, p. 506. 

(1 960). 

Institute of Petroleum, London, 1967, p. 353.  
10. G .  Castello, G. D’Amato, and E. Biagini, J. Chromatogr., 41, 313 (1969). 
11. E. Kovats, Helv. Chim. Acta, 41, 1915 (1958). 
12. J. Novak and J.  RdiiCkova, J.  Chromatogr., 91, 79 (1974). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1048 PETROVI~,  T R A L J I ~ ,  A N D  N O V ~ K  

13. P. Chovin and J. Lebbe, in Separation Immediate et Chromatographie 1961 (J. Tranchart, 

14. A. B. Littlewocd, J. Gas Chromatogr., I ,  16 (1963). 
15. P. Chovin and J. Lebbe, Zbid., 4, 37 (1966). 
16. A. J. P. Martin, Ann. Rev. Biochem., 19, 517 (1950). 
17. J. Janak, J Novak, and G. Zollner, Collect. Czech. Chem. Commun., 27, 2628 

( 1  962). 
18. J. Bonastre and P. Grenier, Bull. SOC. Chim. Fr.. No. 4, p. 1395 (1967); No. 3, p. 1292 

(1968); No. 3, p. 1129 (1971). 
19. J. Novak,J. Chromatogr., 78, 269 (1973). 
20. J. Novak, J.  RJiiCkova. S. WiCar, and J. JanAk, Anal. Chem., 45, 1365 (1973). 
21. T. H. Risby, P. C. Jurs, and B. L. Reinbold, J. Chromatogr., 99, 173 (1974). 
22. D. S. Mathur, U. D. Chaubey, and A. Sinha, Zbid., 99, 281 (1974). 
23. J. Franc and J. Jokl, Collect. Czech. Chem. Commun., 21, 1161 (1956). 
24. G. Pataki, J. Chromatogr.. 17, 327 (1965). 
25. S. M. Petrovic and S .  E. PetroviC, Zbid., 21, 3 I3 (1966). 

ed.), G.A.M.S., Paris, 1962, p. 90. 

Received by editor July 2, 1981 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


