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Abstract-It has been found that Snyder’s eluant strength parameter c . used in liquid-solid adsorption 
chromatography. can be well described by a complementary Lewis acid-base model for solute-solvent 
interactions: I: = 0. I52 + 0.859. ET + 0.332 BxT (cj’Eq. 9). with a correlation coefficient of r = 0.949 for 28 
solvents. This result is in agreement with the theoretical interpretation of& . The correct statistical procedure 
for estimating the significance ofadded explanatory parameters in the sequential multiparameter regression 
analysis is shown (cfAppendix). A comprchcnsive list of improved Kamlct-Taft solvent basicity parameters, 
B K,. is given. 

Liquid-solid adsorption chromatography (LX) 
which is often used to separate mixtures of reaction 
products requires a knowledge of the eluotropic 
properties of the solvents used. This solvent property is 
usually characterized quantitatively by Snydeiseluant 
strength parameter t?‘*2 which is related to the ratio, 
K”, of sample concentration in adsorbed and 
unadsorbed phases by eqn (1). 

IgK” = lgV, + x(S’ - A, .t:‘) (1) 

where V, stands for the adsorbent surface volume (i.e. 
the volume ofan adsorbed solvent monolayer, per unit 
weight ofadsorbent), z stands for some function of the 
adsorbent activity, S” is the energy of adsorption of a 
sample compound on an adsorbent of unit activity 
(a = 1) from n-pentane as solvent, and A, is the area 
required by an adsorbed sample molecule on the 
adsorbent surface. Then, 2 stands for the adsorption 
energy of solvent per unit area of adsorbent with unit 
activity. defined as co = 0 for n-pentane on alumina. 
The arrangement of solvents in order of increasing co- 
values, which are known for 46 solvents.’ is referred to 
as an eluotropic series. 

For a given mixture of samples and for adsorbents of 
the same type. the K”-value depends only on co: the 
larger its value, the smaller the K”-value, i.e. the smaller 
the concentration of adsorbed sample molecules. In 
order to arrive at eqn (1) Snyder assumed that the most 
important contributions to thenet energy ofadsorption 
are due to adsorption of the sample and eluant 
molecules onto the initially bare adsorbent surface. The 
solvation of the sample (adsorbate) and solvent 
molecules in the liquid phase has been neglected. Since 
in reality, however, the adsorbent surface is not bare. the 
total adsorption energy of the eluant which displaces 
the sample upon adsorption has to be subtracted from 

the adsorption energy of the sample in order to get the 
net adsorption energy. 

Therefore, one can expect a kind of relation between 
some chemical properties ofa solvent, namely, its Lewis 
acidity and basicity, and its ability to elute sample 
molecules adsorbed on a given chromatographic bed. 
Depending on the particular kind of adsorbent used. 
Lewis and/or Bronsted acidic and basic centres can be 
found on its surface. In practice, however, the 
possibilitiesofinteraction betweenagivensampleanda 
given kind of adsorbent are rather limited. With the 
exception of completely nonpolar molecules all other 
molecules can interact either as a Lewis acid or Lewis 
base. Thus, the solvent interacting with adsorbate and 
adsorbent has to apply to both possible interactions: 
solvents as Lewis acids or Lewis bases. The 
combination of Lewis acidic and basic properties of a 
solvent depends on its chemical constitution. Some 
solvents arc mainly basic (e.g. pyridine), others are 
chiefly acidic (e.g. acetic acid), whereas some are 
amphoteric (e.g. water). 

The aim of this paper is to analyse how the Lewis 
acidity and basicity of solvents may be used both to 
describe and predict their eluotropic properties. It 
should be mentioned that some correlation between c3 
and the empirical parameter of Lewis acidity. E,(30).’ 
has been found already by Rohrschneider.’ Other 
solvent parameters have also been used to describe 
variations of the eluant strengths of solvents.5 ’ 

The model 

It has been suggested many times in the literature 
(for reviews see ’ I”), that solvent-dependent 
physicochemical properties, Q, such as rate and 
equilibrium constants, absorption maxima etc can be 
analysed in terms of regression analysis using various 
complementary solvent parameters as “explanatory 

119 



120 T. M KUYGOWSKI lot ui. 

variables”. Pal’m and Koppel’ ’ summarised these 
ideas suggesting a four-parameter equation which 
includes, apart from Lewis acidity and basicity 
parameters, contributions due also to nonspecific 
interactions using functions of dielectric constant and 
refraction index. It was found recentfy,‘z that in many 
cases already a two-parameter regression analysis fits 
the solvent-dependent experimental data quite weff, 
and a third or fourth nonspecitic solvent parameter is 
not statistically significant. On the other hand, 
summarising a recently developed point of view,13 a 
proper regression analysis of solvent effects should be 
carried out using a sequential regression analysis with 
careful estimation of the significance of subsequently 
added further soltent parameters (d’ Appendix). 

In our regression anafysis of the efuant strength 
parameter E we use a two-parameter approach as 
presented in eqn (2). 

c =z-A+fl*B+; (2) 

where A and B are empirical Lewis acidity and trasicity 
parameters, resp., and a and fi describe the sensitivity 
of E to changes of solvent acidity and basicity. The 
choice of eqn (2) is justified since in LSC the adsorbed 
sample molecules are efuted due to competitive Lewis 
acid-base equilibria between sample and solvent 
molecules being adsorbed with a basic (acidic) part 
onto acidic (basic) centres of the adsorbent surface. 
Etution takes pface when the Lewis acid-base 
interactions of etuanl molecules with the adsorhnt 
provide greater adsorption energy than the 
corresponding interaction of sample molecules with 
the adsorbent. Thus, for this part of interaction the 
solvent basicity and acidity is responsible for the 
progress of the efution. Furthermore, the adsorbed 
sample molecules are often dipoles with both 
positively charged (acidic) and negatively charged 
(basic) ends and hence their solvation by 
dipole-dipole and dipole-induced dipole interaction 
has to be taken into account. Thus, Lewis acidity as 
well as Lewis basic&y parameters of the solvent are 
required in order to descritK its efuotropic abifities. 

Qf the various Lewis acidity parameters of solvents 
(for reviews see *-“) the most popular are the 
empirical parameters introduced by Winstein and 
Grunwald (Y-scale),” by Kosower (Z-scafe),‘5 and 
the E,(30)-values of Dimroth and Reichardt,3,8 
modified recently by Pal’m and Koppel,*“*‘6 This 
modi~cat~on was done in order to etiminate non- 
s~~ific~ontributions to the E,(30)-values, but a recent 
study of Krygowski ef ul- Ii has shown clearly, that for 
solvents with E,f30) z=- 42 kcaf/mof there is an 
excellent finear correlation (correlation coef?icient 
r = 0,983 for 23 solvents) between the modified 
Koppel-Paf’m parameters and the original E,(30t 
values. Lewis basicity parameters of solvents are fess 
popular in spite ofbeing introduced 3s early as 1940 by 
Gordy and Stanford.” Recently, Pal’m and Koppef 
established a basicity scale based on this early 
approach,’ * * ’ * but the low accuracy of these 
parameters for aicohofs fimirs the application of their 
scale. Further parameters of Lewis basicity have been 
introduced by KoppeI and Paju” and by Gutmann ef 
al.,‘” but the recentIy pubfished basicity parameter of 

Kamfet and Taft” has proven the most useful and 
easily measurable. For application of eqn (2) we have 
chosen a slightly modified form of the basicity 
parameter of Kamlet and Taft which gives more 
proper vafues for alcohols and water.” The E,f30)_ 
vafues3a8 have been chosen as Lewis acidity 
parameters since not only are they known for more 
than 200 sotvents but they have been also well tested. 

Kamfet and Taft” introduced an empirical solvent 
scale of Lewis basicity applying the solvent-dependent 
UV/Vis absorption of five nitroaromatics in which 
the standard molecules used to determine the solvent 
basicity were assumed to interact with different 
solvents by the same salvation mechanisms. Then, 
using statistical procedures, Kamlet and Taft 
smoothed the normalized parameters (all vafues are in 
the range of O- 1) to get the best agreement for all five 
absorption processes. In this way they obtained an 
average solvent basicity parameter /jl.. $a In our 
opinion, however, such a procedure is not an 
advantageous way for obtaining empirical solvent 
parameters since (i) there are large discrepancies 
between the parameters of some solvents obtained 
from different standard compounds, and (ii) when 
using statistical procedures in calculating these 
parameters their strict physical meaning is lost. For 
example, a large discrepancy is found for water as 
solvent, where & = 0.14 and fr, = 0.47, compared 
with e.g. bt = 0.507 for acetone. 

In order to eliminate these shortcomings, we have 
modified the Kamfet-Taft procedure in the following 
manner:“’ we have chosen only one standard process 
in determining solvent basicity parameters, using the 
long-wavelength UV/‘Vis absorption of p-nitroaniline 
(p-NA) and of its homomorph, N,N-diethyl-g 
nitroanifine (DEpNA). Both molecules are H-bond 
acceptors (HBA), but only ~-nitruanitine Can also act 
as I-I-bond donor (HBD). Then, following 
Kamfet-Taft’s procedure, we pfotted tt,,,(pNA) vs 
v,,,fDEpNA) but using only solvents which are 
known to be very weak (if at all) o- or x-donors in 
EPD,/EP,$ interactions, thusexcfudingstrongn-donor 
solvents such as benzene or its alkyf derivatives, in 
order to get a standard regression fine free of any 
influence of specific interactions. 

RESULTS AND DlSCUSSlON 

LJsing solvents selected as mentioned above: n- 
pentane, n-hexane, n-heptane, cyclohexane, carbon 
telrachforide, chloroform, 1,2-d~~hlor~thane. fluoro- 
benzene, chforobenzene, bromobenzene, and m- 
dichforobenzene, we obtained the regression fine 
shown in eqn (3) with a correlation 

v,,,JpNA) = I.128 . v_ (DEpNA) + 0.319 kK (3) 

coefficient of r = 0.9989. Kamfet and Taft obtained 
eqn. (4) for solvents such as n-hexane, n-heptane, 
cycfohexane, carbon tetrachforide, benzene, tofuene, 
ehforobenzene, dichloromethane. 1,2_dichforoethane, 
and trichforoethylene with a correlation 

v,,{pNA) = 1.035 - v,, fDEpNA) + 2.64kK (4) 

coefticient of r = 0.987. 
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As a result of taking r-donor solvents into account, 
Kamlet and Taft’s tine (4) is slightly different from our 
line (3) and hence the estimated solvent basicities, 
measured as the bath~hromic deviations of pNA 
absorptions from the line, are also slightly different. 
According to Kamlet and Taft, the solvent basicity 
parameters were determined as the enhanced 
bathochromic shifts of \t,,,_(pNA) obtained in HBA- 
solvents, compared to the corresponding v,,,-value 
predicted byeqn(3),i.e.forasituationwithout H-bond 
formation between pnitroaniline and the basicsolvent 

under study. Then, the basicity parameters were 
nortnalised in order to get zero values for solvents on 
line (3) and a value of 1.0 for the most basic solvent. 
Following Kamlet and Taft,*’ hex~ethylphosphoric 
triamide was chosen as the most basic solvent for 
which the bathochromic deviation from line (3) is 
2.78 kK. The equation for the modified Kamlet-Taft 
solvent basicity parameters, B,,, is then as follows 

B 
AS 

KT=2.78kK 

Table I. Solvent parameters: Snyder’s eluotropic solvent strength parameters r. ,I.’ normalized Lewis 
acidity parameters E: according to Reichardt and Dimroth.‘.” modified Kamlet and Taft B,., 
paramete~,zo~z’ the ;onizjng power parameter IPP according to eqn (IO), and reciprocal diel~tri~constants 

l/r; (at 2S’C)q.23 

No. Solvent E’ l ) 8; BxT IPP l/C 

(*1*0,) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

14. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

Cyclohexene 

Carbon tetrrchlorida 

Xylone (ofxturo of 
faomer8) 

Diiaopropyl ether 

Toluene 

Chlorobanrone 

Bons*ne 

Bromoethune 

Dimthy]. aWar 

Chloroform 

Dichlororethme 

4-n*thyt-2-pentmone 

1,2-Dichloraothsae 

2-Butanone 

Acetono 

1,4-Dfoxane 

Tmtrahydrofursn 

Ethyl rcrtete 

Hethyl acetate 

1,2-Diurinoothme 

Nitromethaae 

*c~tonltril* 

Pyridine 

Dlmethyk eulforfde 

l-Propen 

tthenol 

HO thrDO% 

1.2~ithuredfol 

0.04 0.01 0.00 0.01 0.500 

0.18 0.05 0.00 0.05 0.454 

0.26 0.07 0.20 0.27 0.435 

0.28 0.10 0.41 0.51 o. 236 

0.29 0.09 0.03 0.12 0.417 

0.30 0.21 0.00 0.21 0.179 

0.32 0.11. 0.09 0.20 0.435 

0.37 0.21 0.23 0.44 0.106 

0.38 0.12 0.41 0.53 0.233 

0.40 0.26 0.00 0.26 0.208 

0.42 0.32 0.00 0.32 0.112 

0.43 0.26 O.S7 0.83 0.076 

0.44 0.34 0.23 0.57 0.096 

0.51 0.32 0.41 0.73 0.054 

0.56 0.35 0.37 0.72 0.048 

0.56 0.16 0.32 0.48 0.454 

0.57 0.20 0.47 0.67 0.132 

0.58 0.22 0.45 0.67 0.167 

0.60 0.28 0.45 0.73 0.149 

0.63 0.34 0.77 1.11 0.078 

0.64 0.48 0.38 0.86 0.028 

0.65 0.47 0.23 0.70 0.027 

0.71 0.29 0.67 0.96 0.081 

0.75 0.44 0.54 0.98 0.021 

0.82 0.61 0.37 0.98 0.049 

0.88 0.65 0.77 1.42 0.041 

0.95 0.76 0.71 l.47 0.031 

1.11 0.7t 0.61 1.32 0.027 

.I Value8 of E* for 8ilfce end other paler l deorbento are l imilar 

to the valuar in this tablo. E* I 0 *or n-peatane on alumina 

by definition. 
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where the difference Av between the experimental 
values of \;,,,,,(pNA) and those calculated from eqn (3) 
are given m kK. 

In order to normalise the Lewis acidity parameter in 
the same way, we have transformed the original 
E,(30)-values of Dimroth and Reichardt’.’ into EF- 
values according to eqn (6) 

E? _ E,(solvent) - E,(n-hexane) 

’ E,(water) - E,(n-hexane) ’ (6) 

All solvent parameters used in our calculations, 
especially the modified B, ,-values which we have 
determined and the normalised E:-values are 
compiled in Table 1. 

The E,-values of Table 1 are subject to linear and 
planar regression analysis. It was found that for all 
twenty-eight &‘-values the linear regression against Ey 
has the form of eqn (7), 

E’ = 1.099.E; + 0.192 (7) 

with a correlation coefficient of r = 0.910 (QFig. 1). 
When the most deviating points were excluded, the 
regression becomes more reliable according to eqn (8). 

The greatest advantage of solvent parameter 
normalisation is that in regression equations such as 
(2) the contribution of the acidic and basic solvent 

properties, expressed by the regression coefficients a 
and /?, are approximately in the same scale of 
magnitude. Their ratio describes more correctly the 
proportion in which solvent acidity and basicity 
contribute to the solvent effect under study. 

Relationships between E , B,, , and ET 

I: = 1.073.E: + 0.161 (8) 

1.2 

b 1.0 

0.8 

Co 

I I I I 

0.2 0.4 0.6 0.8 1.0 
EN e 
T 

Fig. I. Correlation between ~2-values’~2 and Ey for twenty-eight solvents, according to cqn (7) (for solvent 
numbers c/Table 1). 
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with a correlation coefkient of r = 0.951. The addition of the second solvent parameter, B,,, is 
following five solvents deviated most: l+dioxane, significant at the 0.01 level. Thus, the value of /I = 0.33 
tetrahydrofuran, pyridine. ethyl and methyl acetate. supports our suggestion that the eluotropic solvent 
Some of these deviating solvents are either strongly strength depends on both, the Lewis acidic and basic 
basic or prone to chelating, or both. It can be assumed properties of the eluants, with an approximate 
that the high basicity of some of these solvents contribution of the latter equal to [0.33/(0.33 + 
increases their E ‘-values. In order to test this 0.86)]. 100 = 28 %. Inspection of Fig. 2 exhibits that 

hypothesis, the planar regression, eqn (9). have been the most deviating points belong 10 solvents the 
computed for the same set of 28 solvents: molecules of which are able to chelate the solute 

molecules. 
I: = 0.152 + 0.859. E!’ + 0.332 * B, ,. (9) Since both. the measured and the calculated solvent . . 

with a correlation coelticient of r = 0.949 (cj Fig. 2). 
parameters, are subject to error (about 10-15’:;). it 

Comparison of the correlation coefficients for eqns 
appears justified to introduce a scale of solvent 

(7) and (9) shows an improvement in accuracy of the 
parameters IPP (for “ionizing power parameter”) as 

olanar regression. Application of the Fisher-Snedecor 
defined in eqn (lo) 

9 

k-test” L a proper’\;ay (cfAppendix) indicates that IPP = E; + BK, (IO) 

1.2 

* 1.0 

0.8 

E0 

0.6 

I I I 

0.2 0.4 0.6 

0.859* Ey + 0.3320 BKT 
0.8 1.0 

Fig. 2. Dependence of c -values’*’ on E’: and E&T for twenty&@ solvents, according fo eqn (9) (for solvent 
numbs cf Table I ). 
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and 

I: = (I.064 2 O,O26).E,N - (0.057 + O.t3+ t (0.213 2 0.047) 

r2z = 0.91 I ; F,,, = 0.27. 

The addition of the second parameter, BKI or l/c, is 
statistically signrficant if the F,,,-value is greater than 
F t0 01.2h.11 = 7.64. It follows from these calculations that only 
eqn (23) is statistically significant. The third possible two- 
parameter regressjon with B,, and I/c as solvent parameters 
has the form: 

r, = (0.487 + O.t98).B,, - 10.55 f 2 0.0471~ 1 f (0.468 rf: 0.067) 

r ‘J = 0.825; F,,, = 9.30. 

The improvement from eqn f21) toeqn (25) is significant at 
the same level as an improvement from eqn (20) to eqn (23). 
i.e. in both cases addition of the second parameter is 
stgniftcant at a = O.Of. In the first case, however, the precision 
ofthe improved eqn (23) is with r2, = 0.942 much higher than 
in the second case with rz3 = 0.825 only. 

Therefore, we stop our analysis at eqn (23) since the 
percentage of the explanation of variance for variation ofe is 
r2 .I00 = 88.7?;. Since the ex~rimental errors in the 
determination ofsolvent parameters are in the order of up to 
lo& it is not reasonable to carry out further analysis steps. 
Moreover, in eqns 124) and 125) the added l/c-term is not 
statisticalfy significant. 

Rl%ERENCES 

‘L. R. Snyder, f. Chromatogr. 8, 178 (1962); L. R. Snyder, 
Principles a/ Adsorption Chromatography. Dekker, New 
York (1968). 

‘L R Snyder, Solwnt Selection @r Separation Processes. In . 
Techniques o~Cbe~i~tr~ (3rd Ed.} (Edited by E. S. Perry 

and A. Weissberger. VoI. XII, Chap. Ii, p, 25ff. Wiley- 
Interscience, New York 11978). 

‘K. Dimroth, C. Reichardt. T, Siepmann and F. Bohlmann, 
tieirigs Ann. 661, 1 (1963); C. Reichardt, ibid. 752, 64 

(1971). 
*L. Rohrschneider, Anafrr. Chem, 45, 1241 (1973~. 

‘L. R. Snyder and J. J. Kirkland, Introduction to Modern 

Liquid Chromatography. Wiley, New York (1974). 
6A. F. M. Barton. Chem. Rev. 75,731 (1975). 
‘B. L. Karger, L. R. Snyder.and C. Eon, J. Chromarogr. IU, 

71 (1976); Anaiyt. Chem. 50. 2126 (1978). 
‘C. Reichardt, Anger. Chem. 91, 119 (1979); Ibid. Int. Ed. 
Engl. 18, 98 (1979). 

‘C. Reichardt Soitu?nt Eficfs in Organic Chemistry. Chapter 
7. p. 225 ff. Verlag Chemie, Weinheim, New York (1979). 

‘OAdt~ances in Linear Free Energy Refutronships (Edited by N. 
B. Chapman and J. Shorter). Plenum Press. London, New 
York (19721: C~)rrefalio?i Anafysis it] Chemisrr.v- - Recew 

Adtonces (Edited by N. B. Chapman and J. Shorter]. 
Plenum Press, London, New York (1978). 

“I. A. Koppel and V. A. Pal’m, in Advances tn Linear Free 

Energy Refutionships, Chap. 5, p. 203ff. (Edrted by N. B. 
Chapman and J. Shorter). Plenum Press, London, New 
York (1972). 

t zT M Krygowski and W. R. Fawcett. J. Am. Chem. SW. 97. . . 
2143(1975);Austr.J.Chem. 2~2~15(1975~;Cu~~.J.Chem. 

54.3283 (1976). 
‘jN. 8. Chapman. M. R. 1. Dack, D. J. Newman, J. Shorter 

and R. Wilkinson, J. Chrm. Sot Perkin Trans. II 962 
(1974). 

i*E. Grunwald and S. Winstein, J. Am. Chem. Sot. 70, 846 

(1948). 
“E. M. Kosower, ibid. 80, 3253 (1958). 
161. A. Koppel and V. A. Pal’m, Reakts. Sp~sobno.~f, Org. 

Soedin. 8, 291 (1971); Organic ReacziuIJ: 8, 296 (I971 ); 
Chem. Abstr. 76.28418 k (1972); I. A. Koppel and A. I. Paju, 
Reakrs. Sposobnosr. Org. Soedin. 1 I. 139 (1974): Organrc 
Reuctirity 11. 137 ( 1974); Chem. Abstr. 82. 42806 r (1975). 

“W, Gordy and S. C. Stanford, f. Chem. Phys. 9,204 (19411. 
i sl. A. Koppef and A. 1. Paju, Reakrs. Sposobnost. Org. Soedin. 

11, 121 (1974); Organic Reacficity If, I21 (1974); Chem. 

Abszr. 82.42805 q ( 197s). 
i9V. ~utmann and A. Scherhaufer, Monrsh. Chem. 99, 335 

(1968); V. Gutmann, The Donor-Acceptor Approach to 

Mofeeuiar Inreractions. Plenum Press, New York (1978). 
‘OM. J. Kamlet and R. W. Taft, .i. Am. Chem. Sot. 98, 377 

(1976). 

“T. M. Krygowski, E. Mifczarek, and P. K. Wrona, 
submitted to J. Chem. Sot. Perkin Trans. 11. 

“G. W. Snedecor and W. G. Cochran. Staristical Mrrhods. 

The Iowa State University Press, Ames (1975). 
“J A. Riddick and W. B. Bunger. Organic Sofuents. f3rd 

Edition) in Tech~ique.~ of Chemistry (Edited by A. 
Weissberger), Vol. II. Wiley-Interscience, New York (1970). 

“For details of the statistics as welf as F-values see ref 22. 
“A I Vogel A Textbook of Pra~~icaf Organic Chemisrr_v. 

L~n~mans,‘Gr~n, London (1961). 


