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SUMMARY 

The selectivity of 63 compounds on 14 ODS packings for reversed-phase high- 
performance liquid chromatography has been studied. Plots of logarithmic retention 
factors, log k’, measured on column pairs with the same mobile phase, are used to 
compare the energetics of retention and to study the similarity of the retention mech- 
anisms on all the possible pairs of packings. To discuss the specific properties of the 
packings, a new criterion of the similarity of retention mechanism is proposed. The 
chi-squared (x2) distance can be used to describe the deviation from proportionality 
between the capacity factors measured on the column pairs. Correspondence factor 
analysis (CFA) gives access to the x2 distance in the reduced space of the main factors 
affecting solute selectivity. Additionally, the relative importance of the “hydropho- 
bic” and non-hydrophobic effects can be estimated. The extracted factors allow the 
Ujf parameters to be recreated, i.e., the ratio of the Gibbs free energy for thejth and 
j’th phase pair. 

INTRODUCTION 

The differences that exist among commercially available packing materials for 
reversed-phase high-performance liquid chromatography (RP-HPLC) are of con- 
siderable interest from both a theoretical and practical point of view. The effect of 
the length of the bonded alkyl chain on solute selectivity has been studied extensive- 
ly’-i3, but remains a subject of discussion. Significant differences have been shown 
among columns which have the same bonded functional groups14-Z1. The chromato- 
graphic differences observed between similarly prepared columns are due to differ- 
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ences in the characteristics of the silica material used as a support and in the technique 
used to form the bonded phase. The surface coverage7J2,23, carbon loading24, end- 
capping25,26, surface area5J’~27~2*, pore size and pore volume2’ are variables that 
directly affect retention and selectivity. Other parameters that can affect the chro- 
matographic behaviour of solutes include the particle shape2g and size30, the size 
distribution3’, the presence of trace elements in the silica matrix32,33 and the surface 
pH14. The differences among monomeric and polymeric Cl8 phases prepared on a 
variety of silica substrate materials have also been reported27~34~35. 

However, there is little general agreement on the relative importance of the 
above-mentioned factors. Our systematic study dealing with factor analysis36 and 
experiment design in HPLC37-41 prompted us to re-examine the main trends in the 
influence of packing properties on the solute selectivity under conditions of solvo- 
phobic chromatography. Correspondence factor analysis (CFA)36-43 was applied to 
extract the main factors influencing solute selectivity and to estimate their relative 
importance. 

To grasp the broader generalizations that can be applied to the classification 
of different commercially available packings, with respect to differences in selectivity, 
a large set of structurally diverse compounds was used as a probe. Fourteen ODS 
RP-HPLC packings are taken into consideration. The conclusions are based on the 
chromatographic behaviour of two series of compounds: one including the sixteen 
compounds most often proposed for testing RP-HPLC packing materials, and an- 
other including 47 chalcones (X-C6H4-CH = CH-CO-CeHb-Y) diversely substitut- 
ed. 

THEORETICAL 

The aim of the study was to grasp the differences between the studied station- 
ary phases as revealed by the use of a judicious set of compounds. Therefore it is 
advisable to employ the same constant mobile phase composition for all the systems 
and to compare the stationary phasesj andJ on the basis of differences in the Gibbs 
free energy, AG”, for the binding of the chromatographed samples, i and i’. Such a 
difference in free energy of two samples i and i’ analysed successively on two sta- 
tionary phases j and J* can be expressed as: 

A(AG”)jf = AG”, - AGay = - RT In ai, + RT In a$ = RT In 2 (1) 

This difference influences the dependence 

In rij = In k’if + In $j - In $f - 
AG”j - AG”j 

RT 

where k’, is the capacity factor of the ith solute in the jth chromatographic system, 
N{i, = k:j/k:*j and ll/j = n,/n, is the ratio of the number of moles, n, of the mobile 
(m) and stationary (s) phases in the jth chromatographic system. So the difference in 
free energy, A(AG”)jf, of samples analysed on two stationary phases j and j’ can 
involve one of the three following cases: 
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AG”j = AG”j, then In k’ij = In k’ir f In $j - ln $j 

AGoj = ajjP AGY then ln k’ij = Ujr In k’if + h @j - ajf In $j 

(3) 

(4) 

where ajy is a factor of proportionality 

AG”j not proportional to ACy then no linear dependence exists between In k’ij and 
In k’ij (5) 

Thus, investigation of the relationship In k’ij vs. In k’if can furnish information 
concerning the difference in the retention energetics, expressed as A(AG”)jy = 
AG”j - AGy, and allows the retention mechanism on thejth stationary phase to be 
classified as: homoenergetic (the same) if AG”j = AG”jg (eqn. 3), homeoenergetic (sim- 
ilar) if AG”j = ajfAG”f (eqn. 4) or heteroenergetic (different) if AG”j # Ujy AG”f (eqn. 
5) according to Melander et ~1.‘~. 

In terms of solubility parameters 44 A(Ac”)jf for the two compounds i and i’ , 
having an equal volume (vi = vi,) can be given in the form 

A(AG”)jf = 2 Vi (Si, - Si) (Sj - 6~) (6) 

where 6 is the solubility parameter, defined as J -E/v where E is the cohesive energy 
required to transfer 1 mol of a substance from the ideal gas to its liquid state; v is the 
molar volume of the liquid. 

The specific properties of the individual stationary phases can be elucidated 
with the help of the multicomponent solubility parameter mode145,46, applied to 
liquid chromatography by Schoenmakers et LZ~.~~, which assumes that 

62 = 62d + 62, + 26i”d 8d + 2 6,6b (7) 

where d, o, ind, a and b denote the dispersive, orientation, induction and the acid- 
base interactions, respectively. Then, for thejth andj’th systems with the same mobile 
phase: 

A(AG”)jj, = 2 Vi [(S,i, - Bdi) (Sdj - S,f) + (Soi, - Soi) (Soj - Soy) + 

(dcii’ - bdi) (aind j - ‘hnd j’) + (aind i’ - 8ind i) (sdj - bdf) + 

(dai’ - dai) (&j - dbj’) + (8bi’ - dbi) (daj - dzxj’)] (8) 

So, the difference A(AG”)jf depends simultaneously on the properties of the com- 
pounds and of the stationary phases. The differences in the individual parameters 6 
of the stationary phases will be more visible if the corresponding parameters 6 of the 
chromatographed compounds differ strongly. 

Factor analysis is used for a deeper insight into the “true” complexity of factors 
influencing A(AG")jy . Furthermore, this data processing technique helps to distinguish 
the parameters which depend upon the characteristics of the stationary phases and 
those which depend upon the nature of the solutes. 

In our study, correspondence factor analysis seems particularly useful as the 
chi-squared (x2) distance is used to describe the deviation from proportionality be- 
tween rows and columns of the data matrix, elements of which are the capacity 
factors of the compounds on the stationary phases considered. 
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EXPERIMENTAL 

Reagents 
The chalcones and test compounds considered are listed in Table I. The mobile 

phase consisted of HPLC-grade methanol (E. Merck, Darmstadt, F.R.G.) and of 
Millipore purified water. 

Chromatographic procedure 
Prior to the measurements, the columns were washed with the methanol-water 

(7:3) mobile phase until a constant value was obtained for the retention of the com- 
pounds. Sample solutions (2 mg per 25 ml) were prepared in dichloromethane (chal- 
cones), or in methanol (test compounds). All data points were collected by averaging 
three reproducible separations. The mobile phase and 1 ~1 of lop3 A4 sodium nitrate, 

TABLE I 

CHALCONES AND TEST COMPOUNDS MOST OFTEN USED TO CHARACTERIZE HPLC 
PACKINGS 

Me = methyl; Et = ethyl; Pr = propyl; Bu = butyl. 

E-s-k chalcone Z-s-& chalcone No. Text compound 

X-CsH4-CH= CH-C-C&-Y X-C,H4-CH= CH-$-C&Y 
II 
0 0 

No. X-Y No. X-Y 

1 H-CF3 
2 H-fert.-Bu 
3 H-iso-Pr 
4 H-H 
5 F-H 
6 H-F 
7 H-Et 
8 H-Me 
9 F-Me 

10 F-F 
11 MeO-Me 
12 Me-Me0 

13 F-Me0 
14 H-NO2 
15 F-NO2 
16 N02-Me 
17 NOZ-H 
18 MeO-Me0 
19 MeO-NO2 
20 NOZ-F 
21 N02-Me0 
22 N02-NO2 
23 NHz-H 
24 H-OH 
25 NMeZ-NO2 

26 H-CFJ 
2-l H-terr.-Bu 
28 H-iso-Pr 
29 H-H 

30 F-H 
31 H-F 
32 H-Et 
33 H-Me 

34 F-Me 
35 F-F 

36 MeO-Me 
37 Me-Me0 

38 F-Me0 
39 H-NO2 
40 F-NO2 
41 NOZ-Me 
42 NO,-H 
43 MeO-Me0 
44 NOz-F 
45 N02-Me0 
46 N02-NO2 
47 H-OH 

48 Nitrobenzene 
49 Naphthalene 
50 Phenanthrene 
51 Methyl benzoate 
52 Biphenyl 
53 Diethyl phthalate 
54 Anthracene 
55 p-Cresol 
56 2-Phenylethanol 
57 Benzophenone 
58 Benzyl alcohol 
59 3-Phenylpropanol 

60 4-Phenylbutanol 
61 6-Phenylhexanol 
62 9-Phenylnonanol 
63 a-Nitronaphthalene 
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detected at 210 nm, were used to determine the dead time, to, for each column. The 
capacity factor, k’, was calculated from the solute retention time, fR, according to 
k’ = (tR - &,)/to. 

Instruments and columns 
The HPLC equipment included the following components: a Bruker LC-31 

pump, a Rheodyne Model 7125 injection valve, a Schoeffel Model SF 770 spectro- 
photometer set at 300 nm (chalcones) or 254 nm (test compounds) and a Shimadzu 
C-RIB data processor. 

The commercially available columns or columns prepared in our laboratory 
by slurry-packing at 6000 p.s.i. with carbon tetrachloride, followed by methanol, are 
presented in Table II. 

Data processing 
A set of “abstract” factors affecting the selectivity in RP-HPLC systems was 

extracted by CFA42,43. To determine the number of factors in a data matrix, i.e., 
the primary set of eigenvectors, the imbedder error function (IE)47 and the factor 
indicator function (INF)47 were used. It was found that six main factors emerge from 
principal component analysis47, and that five factors ought to be considered in the 
CFA results43. To transform the abstract CFA factors into chemically significant 
ones, “target testing”47 was applied. 

RESULTS AND DISCUSSION 

The capacity factors, k’, of the investigated compounds in fourteen RP-HPLC 
systems with the same methanol-water mobile phase and different ODS stationary 

TABLE II 

COMMERCIALLY AVAILABLE PACKINGS 

No. Column packing* Dimension 
(mm x mm) 

Supplier 

1 RSIL Cl8 LL* 
2 RSIL Cl8 HL* 
3 Partisil ODS* 
4 Partisil ODS 2* 
5 Partisil ODS 3* 
6 Spherisorb ODS-2* 
I PBondapak C 1 f 8 
8 Hypersil C1 s 
9 Spherosil XOA 600 Cls* 

10 Nucleosil Cls* 
11 Nova Pak C,s 
12 Resolve C1s Radial Pak 
13 PBondapak Cl8 Radial Pak 
14 Zorbax ODS 

90 x 4 
90 x 4 
90 x 4 
90 x 4 
90 x 4 
90 x 4 
90 x 4 
90 x 4 
90 x 4 
90 x 4 
100 x 5 
100 x 8 
100 x 8 
150 x 4.6 

Alltech 
Alltech 
Whatman 
Whatman 
Whatman 
Phase Separations 
Waters 
Shandon 
Prolabo 
Macherey-Nagel 
Waters 
Waters 
Waters 
Du Pont 

l Packed in our laboratory. 
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TABLE III 

J. R. CHRETIEN et al. 

THE CAPACITY FACTORS, k’, OF THE 63 COMPOUNDS SEPARATED IN THE 14 CHROMATOGRAPHIC 
SYSTEMS WITH METHANOL-WATER (7:3, v/v) AS MOBILE PHASE 

Solute Chromatographic system 

I 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 6.58 20.05 2.84 19.40 11.05 13.91 10.40 10.40 22.96 14.86 15.46 12.48 16.69 27.14 
2 12.80 54.01 4.87 46.46 25.52 34.79 22.14 24.55 58.49 33.99 40.51 28.86 33.07 65.19 
3 10.10 36.57 4.08 33.72 18.38 24.29 16.21 17.55 41.93 25.27 27.22 21.71 26.12 47.02 
4 4.25 8.98 2.08 9.67 5.36 6.46 5.31 4.86 12.51 8.73 6.82 7.08 8.04 11.91 
5 4.08 8.65 2.01 9.15 5.25 6.09 5.22 4.67 11.71 8.12 6.55 6.68 8.10 11.62 
6 4.25 9.61 2.08 9.98 5.75 6.89 5.68 5.20 12.79 8.79 7.28 7.29 8.69 13.04 
7 7.92 23.13 3.39 23.75 12.66 16.64 11.65 12.07 30.63 18.66 17.97 16.00 17.24 31.79 
8 5.97 14.77 2.73 15.81 8.36 10.57 7.92 7.77 20.55 13.09 11.16 11.01 11.64 20.55 
9 5.62 14.13 2.57 14.58 8.23 9.93 7.92 7.33 18.71 12.35 10.41 10.38 12.28 21.19 

10 4.02 9.61 1.95 9.30 5.63 6.53 5.68 5.01 11.83 8.21 6.72 6.77 8.73 12.43 
11 7.19 16.03 3.12 18.97 8.85 11.49 8.78 7.98 25.91 15.47 11.16 12.62 14.00 24.14 
12 7.40 17.15 3.20 20.29 9.36 12.05 9.19 8.48 26.93 15.95 12.61 13.25 14.65 23.33 
13 4.83 9.77 2.29 11.15 5.77 6.51 5.87 4.91 14.31 9.56 6.72 7.69 8.61 13.33 
14 4.28 9.13 2.07 9.86 5.30 6.53 5.46 4.95 12.96 8.47 6.59 7.11 8.73 13.25 
15 3.99 9.03 1.70 8.86 5.25 6.04 5.51 4.75 11.36 8.01 6.66 6.45 8.63 12.23 
16 5.31 11.53 2.41 12.26 6.80 8.25 6.96 6.03 16.69 10.69 8.53 9.11 10.91 17.66 
17 3.83 7.22 1.91 7.87 4.42 4.98 4.62 3.85 10.33 7.27 5.37 5.95 7.27 10.23 
18 5.80 11.22 2.73 13.59 6.16 7.12 6.33 5.15 18.13 11.47 7.18 8.97 9.39 14.67 
19 5.13 11.25 2.76 11.93 5.80 7.03 6.10 5.23 15.69 9.94 7.29 8.39 9.11 14.65 
20 3.81 7.72 1.84 7.93 4.79 5.33 4.98 4.19 10.21 7.18 5.68 5.96 8.00 11.45 
21 4.64 8.25 2.25 9.63 4.97 5.40 5.24 4.17 13.06 8.64 5.57 7.05 8.42 11.95 
22 3.64 8.46 1.75 7.44 4.42 4.79 4.87 3.95 10.19 6.76 5.54 5.48 7.25 10.52 
23 2.53 3.27 1.45 3.44 2.01 1.70 2.07 1.62 4.16 3.72 1.69 2.87 3.17 3.29 
24 2.62 4.65 1.45 4.04 2.75 2.62 2.89 2.40 4.86 4.33 2.62 3.03 4.44 4.52 
25 8.02 17.08 3.43 20.30 8.16 11.44 9.15 8.06 27.38 16.45 10.53 15.81 14.73 23.73 
26 4.43 12.95 2.09 12.21 7.51 8.89 6.96 7.04 13.83 9.69 9.84 7.93 10.83 17.08 
27 8.20 33.39 3.39 27.96 16.79 21.60 14.42 16.16 33.36 20.83 25.22 17.63 21.30 40.16 
28 6.51 22.62 2.84 20.38 12.10 15.00 10.55 11.54 23.80 15.49 16.97 13.15 16.84 28.51 
29 2.80 5.80 1.51 5.89 3.73 4.10 3.65 3.33 7.16 5.47 4.44 4.47 5.43 7.47 
30 3.04 6.49 1.61 6.58 4.07 4.58 4.01 3.69 8.06 5.98 4.89 4.94 6.10 8.51 
31 2.87 6.24 1.52 6.26 3.98 4.41 3.87 3.59 7.56 5.69 4.72 4.64 5.80 8.23 
32 5.03 14.16 2.34 14.38 8.35 10.09 7.62 7.88 17.39 11.47 10.95 9.46 11.05 18.90 
33 3.73 8.89 1.89 8.98 5.48 6.30 5.16 5.01 10.96 7.78 6.77 6.46 7.47 12.06 
34 4.02 10.05 2.00 9.94 6.07 7.10 5.80 5.53 12.19 8.67 7.28 7.24 8.85 14.77 
35 3.13 7.16 1.62 7.04 4.26 4.88 4.24 3.91 8.56 6.30 4.91 5.10 6.40 9.06 
36 4.56 10.62 2.19 11.32 6.21 7.57 6.07 5.65 14.53 9.67 7.63 7.81 9.43 15.60 
37 4.32 9.84 2.12 10.48 5.94 6.79 5.74 5.23 12.86 9.01 7.31 7.18 8.85 12.90 
38 3.35 6.71 1.75 7.19 4.19 4.51 4.24 3.62 8.76 6.53 4.62 5.23 6.14 8.90 

39 2.98 5.99 1.59 6.36 3.69 4.20 3.77 3.41 7.83 5.75 4.25 4.55 5.80 8.36 

40 3.34 6.87 1.51 7.27 4.01 4.58 4.15 3.72 8.89 6.67 4.83 5.03 6.39 9.05 

41 3.91 7.72 1.97 8.38 4.75 5.45 4.87 4.23 10.63 7.75 5.44 6.27 7.43 11.44 

42 2.92 5.05 1.59 5.59 3.21 3.47 3.42 2.83 6.99 5.44 3.58 4.38 5.19 6.93 

43 3.64 7.16 1.90 7.84 4.27 4.62 4.34 3.62 9.86 7.09 4.77 5.47 6.34 9.19 

44 3.07 5.36 1.65 6.03 3.38 3.66 3.53 3.03 7.41 5.70 3.63 4.46 5.45 7.66 

45 3.31 5.39 1.79 6.26 3.42 3.51 3.65 2.91 7.93 6.09 3.47 4.80 5.64 7.44 

46 3.25 5.81 1.75 6.21 3.07 3.23 3.37 2.75 7.89 5.87 3.44 4.25 4.89 6.98 
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Solute Chromatographic system 

1 2 3 4 5 6 7 8 9 10 II 12 13 14 

41 1.73 2.89 1.04 2.36 1.86 1.65 1.96 1.62 2.73 2.70 1.66 2.04 2.95 2.79 

48 1.58 2.15 1.03 2.16 1.58 1.56 1.75 1.44 2.70 2.65 1.47 2.45 2.69 2.95 

49 3.08 7.98 1.72 1.46 4.41 5.56 3.69 4.39 8.93 6.78 6.61 6.22 6.10 11.68 

50 6.68 22.21 3.27 22.38 10.20 15.51 7.63 10.75 27.59 17.55 19.21 15.79 13.15 33.95 

51 1.76 2.70 1.12 2.67 1.99 1.86 1.96 1.68 3.27 3.12 2.03 2.80 3.01 3.76 

52 4.38 13.70 2.31 12.47 1.25 9.35 5.69 7.06 14.83 10.50 11.96 9.75 9.68 20.66 

53 1.86 2.85 1.18 2.73 2.20 1.86 2.12 1.76 3.21 3.21 2.16 2.61 3.31 3.19 

54 7.40 26.17 3.58 26.38 11.49 18.34 8.52 12.35 32.43 20.03 22.50 18.77 14.73 40.20 

55 1.19 1.51 0.81 1.41 1.22 1.01 1.33 1.07 1.67 1.87 1.10 1.55 2.00 1.79 

56 1.22 1.42 0.84 1.44 1.16 0.94 1.27 1.03 1.66 1.86 1.00 1.57 1.88 1.72 

51 2.58 4.89 1.57 4.75 3.32 3.27 3.07 2.73 5.78 5.08 3.82 4.34 4.95 6.92 

58 1.03 1.12 0.75 1.10 0.95 0.76 1.09 0.85 1.30 1.51 0.78 1.34 1.59 1.29 

59 1.49 1.93 0.98 2.01 1.52 1.28 1.55 1.31 2.30 2.37 1.47 1.91 2.36 2.45 

60 1.91 2.79 1.20 2.93 2.05 1.83 I .99 1.80 3.31 3.22 2.19 2.47 3.15 3.63 

61 3.56 6.96 2.02 7.26 4.41 4.40 3.93 3.94 7.99 6.85 5.99 5.09 6.61 9.73 

62 11.64 34.29 5.51 35.43 18.13 20.62 13.95 16.74 37.99 27.13 33.73 21.13 25.96 52.04 
63 2.93 5.32 1.13 5.61 3.29 3.61 3.13 2.94 6.66 5.87 3.91 4.67 5.07 7.48 

phases are presented in Table III. 

Based on the average capacity factor, k’j = g k’ij/63, the order of 
i=l 

“retention power” of the chromatographic systems is: Zorbax ODS > Spherosil 
XOA Cl8 > Partisil ODS 2 > RSIL Cl8 HL > Nucleosil Cl8 > PBondapak Cl8 
Rp > Nova Pak Cl8 > Resolve Cl8 > Spherisorb ODS-2 > Partisil ODS 3 > 
PBondapak Cl8 > Hypersil Cl8 > RSIL Cl8 LL > Partisil ODS. 

According to the solvophobic theory, the differences in the retention behaviour 
of a given sample, using the same eluent and the same alkyl ligand, are essentially 
due to the different phase ratios. It is also known, from experimental practice, that 
the differences in the silica material used as a support and the differences in the 
technique used to form the bonded phase can affect not only solute retention but 
also solute selectivity. 

Plots of log k’, versus log k’, 
A comparison of the separation mechanisms on the particular phase pair j and 

j’ can be made based on the relationship log k’ij versus log k’if. The resulting cor- 
relation coefficients, r, and the slope, a, for all pairs of the stationary phases, j and 
j’, are listed in Table IV. The similarity of the separation mechanism is analysed in 
terms of the following criteria13: 

if r > 0.95 and 0.90 < a < 1.10 the mechanism is homoenergetic (eqn. 3) 
if r > 0.95 and a < 0.90 or a > 1.10 the mechanism is homeoenergetic (eqn. 4) 
if r < 0.95 the mechanism is heteroenergetic (eqn. 5) 

From the r and a values in Table IV, it appears that in all chromatographic systems 
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TABLE IV 

COMPARISON OF THE RETENTION MECHANISMS FOR 91 PAIRS OF PACKINGS 

Correlation coefficients, r, and slope, a, according to eqn. 2. 0, Homoenergetic mechanism (1. > 0.95, a 

= 1.0 f 0.1); A, homeoenergetic mechanism (r > 0.95, a < 0.9 or a > 1.10). Identification numbers of 
the chromatographic systems as in Table II. 

1 2 3 4 5 6 7 8 9 10 II 12 13 I4 

1 r 0.98 0.99 0.98 
a 1.46 0.76 1.48 

2A 0.97 0.99 
0.50 1.00 

3A A 0.98 
1.90 

4A 0 A 

5A A A A 

6A A A 0 

7A A A A 

8A A A A 

9A l A l 

1OA A A A 

1lA 0 A 0 

12A A A A 

13A A A A 

14A 0 A 0 

0.98 
1.24 

1.00 
0.85 

0.96 
1.60 

0.99 
0.84 

0.98 
1.48 

1.00 
1.01 

0.96 
1.90 

0.99 
1.01 

1 .oo 
1.19 

A 

A 

0 

A 

0 

A 

A 

0 

0.98 
1.15 

0.99 
0.78 

0.96 
1.46 

0.99 
0.77 

0.99 
0.91 

0.99 
0.76 

0.97 
1.30 

1.00 
0.89 

0.96 
1.66 

0.99 
0.88 

1.00 
1.04 

1.00 
0.88 

0.99 
1.13 

0.99 
1.51 

0.99 
1.01 

0.98 
1.94 

1.00 
1.02 

0.98 
1.18 

0.99 
0.99 

0.99 
1.29 

0.98 
1.12 

0.99 
1.22 

0.99 
0.82 

0.99 
1.57 

1.00 
0.82 

0.99 
0.96 

0.99 
0.80 

0.99 
1.04 

0.99 
0.91 

1.00 
0.80 

A 

A 

0 

0 

A 

0.97 
1.52 

0.99 
1.05 

0.96 
1.96 

0.99 
1.04 

0.99 
1.23 

0.99 
1.03 

0.98 
1.32 

1 .oo 
1.17 

0.98 
1.01 

0.98 
1.26 

A 

A 

0 

0.99 
1.24 

0.99 
0.83 

0.98 
1.60 

0.99 
0.84 

0.99 
0.98 

0.99 
0.82 

0.98 
1.06 

0.99 
0.93 

0.99 
0.82 

1.00 
1.02 

0.99 
0.79 

0 

A 

0.99 0.98 
1.18 1.53 

0.99 0.99 
0.80 1.04 

0.97 0.97 
1.50 1.97 

0.99 0.99 
0.79 1.04 

1.00 0.99 
0.93 1.22 

0.99 1 .oo 
0.78 1.03 

1.00 0.98 
1.02 1.32 

0.99 0.99 
0.89 1.17 

0.99 0.99 
0.77 1.02 

0.99 0.99 
0.96 1.27 

0.99 0.99 
0.75 0.99 

0.99 0.99 
0.94 1.24 

0.99 
1.30 

A 

the separation mechanism is homo- or homeoenergetic. For 27 of the 91 possible 
pairs of stationary phases, the selectivity is the same (a = 1 .OO f 0.10). Even for the 
systems differing in retention power (see, e.g., the capacity factors of solutes separated 
on Nova Pak Crs and Zorbax ODS), the selectivity is the same. The greatest differ- 
ences in selectivity are observed for Partisil ODS relative to the remaining phases, 
e.g., the slope a for Partisil ODS 2 vs. Partisil ODS equals 1.90 and for Nova Pak 
Cl8 vs. Partisil ODS is 1.96. 

Nevertheless, despite its interest, such a comparison of the retention mecha- 
nism does not give details about the specific properties of particular phases or com- 
pounds. SO, even if the correlation coefficients of the plots of log k’, versus log k’ij 
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are very high, the selectivity of, for example, the naphthalene (n) and a-nitronaphtha- 
lene (nn) test compounds (see Table V) cannot be predicted with the ajf parameters. 

The specificity of the packings could be discussed in terms of the deviations 
from proportionality between log k’ij and log k’if for the particular compounds and 
for all the possible phase pairs. However, to do so, one must consider the hyperspace 
of phases and compounds. To reduce this space, without loss of information, factor 
analysis is required. 

Correspondence factor analysis 
From the set of “abstract” factors, extracted by CFA, and from IE function, 

we can determine and delete the eigenvectors, which are composed of pure error, and 
choose the five remaining ones, which belong to the true primary set and reflect the 
real complexity of the data space. The first five main axes contribute 67.96, 16.71, 
8.54, 2.42 and 2.27%, respectively to the total cluster inertia. The projections of the 
stationary phases and compounds onto the plane defined by the two main axes of 
inertia are presented in Fig. 1 and the coordinates of the phases on the five main axes 
are listed in Table VI. The factorswhich emerge from CFA are only “abstract” ones 
because they have no real physical or chemical meaning. To convert them into mean- 
ingful factors, the target procedure4’ is necessary. 

Using a stepwise procedure it was found that only the axis 1 correlates well 
with the “hydrophobicity” of compounds and that introduction of the remaining 
axes does not improve this correlation. The “hydrophobicity” parameters were taken 
as a sum of Rekker’s hydrophobic fragmental constants4*, f, which were obtained 
from octanol-water partition data for a large series of benzene derivatives 

TABLE V 

THE SLOPES OF LOG k:, VERSUS LOG k& PLOTS FOR 63 COMPOUNDS, ajf(63), AND FOR 
NAPHTHALENE (n) AND NITRONAPHTHALENE (nn), as(n, nn) 

f = Zorbax ODS stationary phase. 

Chromatographic 

system*, j 

Ujf (63) a, (n. nn) 

1 0.65 0.10 
2 0.96 0.92 
3 0.51 -0.02 _ 

4 0.96 0.64 
5 0.82 0.66 
6 0.97 0.91 
I 0.76 0.37 
8 0.85 0.90 
9 0.98 0.66 

10 0.79 0.33 
11 1.01 1.18 
12 0.81 0.64 
13 0.77 0.41 

* The identification numbers are as in Table II. 
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log P = i cnf 
1 

where P is the partition coefficient and c is a numerical factor indicating the influence 
of a given fragment in the structure. 

As the axis 1 reflects the differences in the “hydrophobicity” of the solutes, the 
remaining axes could be considered as the factors responsible for the non-hydropho- 
bic effects. The relative contributions of these effects can be estimated in the following 
manner: the x2 distance between two stationary phases, j and j’, in the multidimen- 
sional space is defined43 as 

X’W) = k i (k’ij1k.j - k’ij,/k,f)/ki. 
i=l 

where p and n are respectively the number of stationary phases and of compounds, 
and 
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Fig. 1. CFA of the behaviour of 63 compounds on 14 ODS reversed-phase chromatographic systems. 
Projection on the plane defined by the main axes of inertia 1 and 2: (a) of the 14 chromatographic systems; 
(b) of the 63 compounds. 

P 

ki. = C k’ij 
j=l 

n 

k,j= 1 k’ij 
i=l 

This distance between two stationary phases is a very useful measurement of the dif- 
ferences in the solute selectivity on the jth andj’th phases. It reflects the deviation from 
the proportionality between the capacity factors k’ij and k’if of all 63 compounds. 
If k’ij is proportional to k‘if, then the selectivity on the jth and j’th phases is the same 
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TABLE VI 

THE COORDINATES OF THE 14 RP-HPLC SYSTEMS ON THE FIRST FIVE MAIN AXES OF 
INERTIA AS DEDUCED FROM CFA 

Chromatographic 
system* 

Coordinates 

Axis I Axis 2 Axis 3 Axis 4 Axis 5 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

0.208 - 0.006 0.027 - 0.002 0.019 
-0.073 0.025 -0.021 0.024 0.022 

0.307 0.044 0.099 0.029 0.014 
-0.023 -0.044 -0.003 -0.008 0.018 

0.022 0.064 -0.021 -0.001 0.001 
-0.075 0.012 -0.027 0.024 -0.023 

0.106 0.043 -0.063 -0.007 -0.007 
-0.021 0.059 -0.011 0.017 -0.011 
- 0.009 -0.085 -0.027 -0.001 0.005 

0.077 -0.019 0.022 0.002 0.006 
-0.137 0.052 0.046 -0.009 0.020 

0.052 -0.034 0.032 0.024 - 0.029 
0.089 0.041 -0.028 -0.032 -0.007 

-0.083 -0.007 0.031 0.019 -0.019 

l The identification numbers are as in Table II. 

and x2 = 0. In addition, the x2 distance does not depend on the absolute values of 
the capacity factors. It does not reflect the differences in the “retention power” of 
thejth andj’th phases, only the differences in the solute selectivity. In the constructed 
space, the x2 distance can be expressed as 

X2(.jJ)=(xlj-Xl~)2 + (X2j-X2y)2 + (XJj-X3jf)2 + (X4.j-Xdjr)2 + (X5j-Xx5j’)2 

where xii is the coordinate of thejth phase on the ith axis. Then, the relative contri- 
bution of the “hydrophobic” effect to x2, denoted as ah, is: 

Uh = (Xlj-Xlj')2/X2GJ) 

From the phase coordinates, listed in Table VI, one can easily estimate the ah param- 
eters for each phase pair. These parameters for the pairs of packings which include 
Zorbax ODS are presented in Table VII. 

The greatest value of the x2 distance is observed for the pair Zorbax ODS- 
Partisil ODS and for the Zorbax ODS-RSIL Cl8 LL ones, being 0.163 and 0.086 
respectively. This means that the solute selectivity on these pairs differs to a high 
degree. The relative contributions of the hydrophobic effect, ah, to the x’(jj’) distance 
are 0.93 and 0.98, respectively, so the “hydrophobicity” of these packings is the main 
factor influencing solute selectivity. The lowest x2 values are observed for the pairs 
Zorbax ODS-Spherisorb ODS-2, Zorbax ODS-RSIL Cl8 HL, Zorbax ODS-Partisil 
ODS 2 and Zorbax ODS-Nova Pak C18. This means that the solute selectivity on 
these phases is very similar to that on Zorbax ODS. 

The CFA results, based on the x2 distance, indicate the similarity of the phase 
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TABLE VII 

x’(i, j’) MEASUREMENT OF THE DIFFERENCES IN THE SOLUTE SELECTIVITY ON THE jth 

AND J*th STATIONARY PHASES AND CORRESPONDING RELATIVE CONTRIBUTIONS, ah, 

OF THE HYDROPHOBIC EFFECT 

j’ is the Zorbax ODS phase. 

Chromatographic x"(j, 1) h 
system*, j 

1 0.086 0.98 
2 0.007 0.01 

3 0.163 0.93 
4 0.008 0.47 
5 0.019 0.56 
6 0.006 0.01 
7 0.047 0.75 
8 0.011 0.34 
9 0.016 0.35 
10 0.027 0.95 
11 0.008 0.35 
12 0.021 0.87 
13 0.036 0.83 

l The identification numbers are as in Table II. 

selectivity, reflect the true complexity of the data space, estimate the relative impor- 
tance of the extracted factors and depict the compound and phase specificities. Ad- 
ditionally, it is possible to recreate the ajf parameters. Let us define the E parameters 
as: 

j-1 

- 
Then the slope of the log k’ij versus log k’i relationship, denoted as ZJ, can be ex- 
pressed as a linear combination of the jth phase coordinates 

aj = 1.01 - 1.35 Xrj - 0.83 x2j - 0.21 x3j - 0.42 .Xy + 0.28 xsj 

where xij, xzj, x31, X4j and x5j are the jth phase coordinates on the ith axis (i = 1, 
2, 3, 4, 5), respectively. The ajf parameters for the phase pairj andJ are then equal 
to 

1.01 - 1.35 Xrj - 0.83 x2j - 0.21 - 0.42 + X3j x4j 0.28 x5j -- aji’ = aj/aj, = 
l-01- 1.35 Xrj’ - 0.83 xzj’ - 0.21 - 0.42 x3j’ x4$ + 0.28 Xgj 

Such a possibility is important from a physico-chemical point of view and is currently 
being investigated in our laboratory. It underlines once more the interest of CFA. 
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CONCLUSIONS 

Plots of log k’ij values versus log k’if values, obtained on two stationary phases, 
j and j’, with the same mobile phase, can serve as a useful tool for comparing the 
energetics of solute retention on different packings. Nevertheless, even if the statistical 
criteria, proposed by Melander et all3 are fulfilled, and the separation mechanism 
on the two phases is classified as homo- or homeoenergetic, deviations from pro- 
portionality are observed for particular compounds, and these deviations ought to 
be considered as the main source of information about the specific properties of the 
packings. 

The interest in this correspondence factor analysis (CFA) is to reduce the di- 
mensions of the multidimensional space of packings and of compounds. CFA helps 
to estimate the true complexity of the chromatographic data and the relative impor- 
tance of the main factors affecting solute selectivity. By use of the x2 0’~“) distance 
as the measure of the differences in the solute selectivity, no information about the 
phase specificity is lost. 

From the CFA carried out for the 63 compounds separated on the 14 RP- 
HPLC packings, it appears that five factors influence the solute selectivity on the 
ODS packings of different origins. The first factor representing 68% of the infor- 
mation content is the “hydrophobicity” of the phases, and the remaining ones are 
the chemical and/or steric factors influencing solute selectivity. It is possible to esti- 
mate the relative importance of the hydrophobic and the non-hydrophobic effects. 

Using factor analysis of the retention behaviour of large series of compounds, 
as a probe of the retention mechanism in RP-HPLC, work is underway in two com- 
plementary directions: extension of the comparison of packings to polar, chemically 
bonded phases; study of the selectivity of the compounds with the emphasis on spe- 
cific interactions. 
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