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ABSTRACT 

An important aspect of chromatography is the prediction of peak positions, 
For high-performance liquid chromatography (HPLC), a fundamental retention 
equation In k’ = a + b In C,, + CC, has been derived by statistical thermodynamics. 
The effects of molecular structure on the parameters U, b and c in this equation were 
investigated theoretically and proved experimentally. The parameter b in reversed- 
phase (RP) HPLC approaches a low constant value, because there is very weak 
displacement caused by adsorption. However, in normal-phase (NP) HPLC, the dis- 
placement by adsorption is strong, and plays an important role in retention. The 
parameter b in NP-HPLC changes slightly when different batches of packing of the 
same size and with the same mobile phase are used, and the absolute value of this 
parameter increases slightly and approaches a constant value with increase in carbon 
number for homologous compounds. The parameter c in RP-HPLC is mainly deter- 
mined by the difference between interactions in solute-strong solvent and solute- 
weak solvent systems and approaches a constant value even when column systems 
with the different packings and the same mobile phase are used. The parameter c in 
RP-HPLC can also be quantitatively correlated with structural parameters of the 
solute such as Van der Waals volume (V,), dipole moment (pLA) and hydrogen bond 
energy (XAH). For non-polar or homologous compounds, a simplified linear relation- 
ship between the parameter c and VW can be established. The parameter c in NP- 
HPLC is affected not only by factors valid in RP-HPLC, but also by the displacement 
caused by adsorption of the solute on the surface. The parameter a in both RP- and 
NP-HPLC follows similar rules to parameter c. A linear relationship between k’ and 
amount of C18 in RP-HPLC was also found. A good linear relationship between the 
parameters a and c occurs only when two of the three structural parameters Vw, ,& 
and XAn for solutes are equal or close. 

0021-9673i90/$03.50 (Q 1990 Elsevier Science Publishers B.V. 
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INTRODUCTION 

One of the most important aspects in developing software for expert systems in 
chromatography is the prediction of peak positions’*‘, which means predicting the 
capacity factor of a given compound with changes in the operating conditions. For 
high-performance liquid chromatography (HPLC) the capacity factor and selectivity 
are changed substantially when the mobile phase composition is changed. Therefore, 
to solve this problem, we need first to derive an equation that describes the variation of 
the capacity factor of a given compound when the mobile phase composition is 
changed over a wide range of concentration, and then to find a means of predicting the 
values of the parameters in this equation from the molecular structure of the solute. 

The capacity factor is determined by the partition coefficient, which is a 
macro-property of a system. In order to predict macro-properties from the molecular 
structure, the correct approach is to use statistical thermodynamics (STM)‘*3V4. There 
are, of course, other ways of solving this problem, e.g., using classical thermodynamics 
to obtain the retention equation5-8 and directly correlating AH and dS with molecular 
structure. However, the theoretical correlation between the parameters in the retention 
equation and molecular structure can only be predicted by STM and statistical 
quantum chemistry methodsg. 

A fundamental retention equation in HPLC has been derived by STM’s4. The 
validity of this equation with changing mobile phase composition over a broad range 
has been demonstrated in both reversed-phase (RP) HPLC’“-12 and normal-phase 

13-l’ (NP)HPLC . In this work, a further investigation of effects of molecular structure 
on the parameters in the fundamental retention equation was carried out. The validity 
of the theoretical predictions was confirmed experimentally. 

FUNDAMENTAL RETENTION EQUATION 

The fundamental retention equation valid for high-performance liquid chroma- 
tography has been derived as follows’T4: 

In k’ = u + b In C, + CC,, (1) 

where 
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c = ;T 
i 
@LB, - GBJXAB, - (KAB, - ~GBJXAB, + 

+ 2 [(Ka,B, - K&B,)XB,B, - (KB,B, - KI?,&,)~B,B,, II (4) 
A 

where A and Bi (i = 0,l) are solute and solvent i (weak and strong solvent), h and k are 
the Planck and Boltzmann constants, kl and nl are constants in the Freundlich 
adsorption isotherm, mA and mgi are the molecular weight of solute A and solvent Bi, 
T is absolute temperature, I’,, is the molar volume of SOlVent Bi, the XAB,, xA&,, xi, 
x B,R,j Xn,B, and X,“, are values for interactions of solute-strong solvent, solute-weak 
solvent, solute-stationary phase, strong solvent-strong solvent, strong solvent-weak 
solvent and strong solvent-stationary phase, respectively, where the hydrogen bond 
energy is proportional to the concentration of solvent as assumed if comparing the 
independence of concentration of solvent in the original papers’s4 and fi is the phase 
ratio. It can be seen from eqns. 24 that the parameter a is mainly determined by the 
difference between solute-stationary phase and solute-weak solvent interactions as 
well as solvent-stationary phase interactions, the parameter b is determined by 
displacement caused by adsorption on the adsorbent surface and the parameter c is 
mainly determined by the difference between solute- weak solvent and solute-strong 
solvent interactions as well as solvent-solvent interactions. The validity of eqn. 1 has 
been proved by describing the variation of the capacity factor by changing the mobile 
phase composition over a broad range of concentration in both RP-HPLC and 
NP-HPLC10-‘5. The advantage of this model is that the effects of solute-stationary 
phase and solute-mobile phase interactions as well as displacement caused by 
adsorption are simultaneously considered. In a given chromatographic system, the 
solvent-solvent and solvent-stationary phase interactions are constant, and the 
solut+stationary phase and solute-solvent Bi interactions can be described by the 
following equations: 

3aa1A1a + +A + (g + &)&] + z&A, 
31, + 1,) 

(5) 

X 
1 

AB, = - 6 
301B,IAIB 

rAB, 2(1A + IS,) 
+ &,)'A + (' +aB,)pi] + ZAB,XAH (6) 

where IA, @A, PA, I,, c[,, pa and rB8, NB,, pBi are the approximate ionization energy, 
polarizability and dipole moment of the solute, stationary phase and solvent i, 
respectively, XAn the contribution of the hydrogen bond energy of the solute, Z, and 
ZABj, are parameters related to the behaviour of the stationary phase and solvent i and 
r and rAB, are the interaction distance of soluteestationary phase and solute-solvent i, 
respectively, and to a first approximation are assumed to be constant for different 
compounds. 
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FACTORS AFFECTING THE PARAMETER 6 

It can be seen from eqn. 3 that the parameter h is determined by nr and aN,,/aN,, 
where n, is a parameter of the Freundlich adsorption isotherm (N& = k,Cb”“l) on 
a stationary surface for a strong solvent and relates to the behaviours of the adsorbent 
surface and a strong solvent, and aNB,/r3NA indicates how many strong solvent 
molecules are displaced by the adsorption of one solute molecule. For a given system, 
the strength of the solute-adsorbent interaction and the solute molecular size are the 
factors that determine 8Nir,/8NA. The stronger the solute-adsorbent interaction and 
the larger the molecular size of the solute, the more strong solvent molecules can be 
displaced by adsorption of one molecule of the solute on the adsorbent surface. In 
RP-HPLC a polar solvent molecule is less easily adsorbed on a Cl8 surface than a polar 
solvent molecule on silica in the NP-HPLC, so that aNBl/8NA approaches a small 
constant value. Table I lists the h values observed in RP-HPLC, which agree with the 
theoretical values, 

The value of Cb in the most RP-HPLC separations is higher than 0.1 volume 
fraction of the strong solvent, but in most NP-HPLC separations C, is less than 0.1 or 
even 0.001 volume fraction of the strong solvent. The absolute value of In Cb in 
RP-HPLC is much smaller than that in NP-HPLC in most separations, so the 
contribution of term b In C, in eqn. 1 to the retention value in RP-HPLC can be 
neglected in the case of small concentrations of the strong solvent. However, in 
NP-HPLC the solute-adsorbent interaction, which is mainly due to interactions 
between polar groups of the solute and silanol groups, is strong and the absolute value 
of In Cb is large, so the contribution of b In Cb to the retention value in NP-HPLC is 
significant. For a homologous series, the parameter b is mainly determined by the 
interaction between polar groups and silanol groups on the surface, and the absolute 
value of b should increase slightly with increasing number of methylene groups in the 
solute molecule and approach a constant value at a certain number of carbon atoms. 
The validity of this conclusion is supported by the experimental data given in Table IT 
for the homologous series of benzoates of n-alkanols. 

TABLE I 

PARAMETER b OBSERVED IN RP-HPLC WITH DIFFERENT Cl8 PACKINGS 

Solule YQG” ESh LiChrosorb 84’ B8’ 

Benzene 0 --o.OOl -0.003 -0.001 -0.003 -0.001 
Naphthalene -0.01 --0.003 -0.007 -0.001 -0.003 -0.003 
Biphenyl -0.01 -0.005 -0.007 -0.002 - 0.004 -0.001 
Fluorene - 0.005 -0.007 -0.003 -0.003 - 0.002 0 
Phenanthrene -0.003 -0.005 ~~0.005 - - 
Anthracene -0.003 -0.007 -0.005 _ - 
Chrysene -0.004 -0.003 - 0.002 - _ 

Toluene -0.005 -0.002 - 0.005 -0.006 - 0.003 0 
Ethylbenzene -0.004 -0.003 .-~ 0.005 -0.01 - _ 

n YQG-Cl8 is made by Tinjing Chemical Reagent Factory (China). 
b ES-c,8 is made by ES Industry Inc. 
’ B4 and I38 are homemade silica-based Cl8 packing materials. 
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TABLE II 

PARAMETER b OBSERVED IN THE ADSORPTION CHROMATOGRAPHY OF BENZOATES OF 
HOMOLOGOUS n-ALKANOLS IN THE SYSTEM OF YWG-SILICA GEL (5 pm) PACKING AND 
HEXANE-ETHYL ACETATE MOBILE PHASE (ETHYL ACETATE FROM 0.1 TO 3.0%, v,iv) 

Data recalculated from ref. 16. 

I -0.64 5 -0.75 
2 - 0.69 6 -0.74 

3 -0.72 7 -0.77 
4 -0.74 8 -0.77 

TABLE III 

PARAMETER h FOR EIGHT POLAR COMPOUNDS OBSERVED IN A COLUMN SYSTEM WITH 
DIFFERENT BATCHES OF YWG-SILICA GEL (5 pm) PACKING AND HEXANE-ETHYL 
ETHER MOBILE PHASE 

Compound Parameter’ 

b b” h”’ 

Z-Methylnitrobenzene -0.41 -0.42 -0.50 
Nitrobenzene -0.37 -0.37 0.40 
Ethoxybenzene -0.54 -0.50 _ 
4-Chloronitrobenzene -0.49 -0.50 -0.51 

2-Chloronitrobenzene -0.27 -0.26 -0.32 
n-Butyl benzoate -0.78 -0.82 _ 
n-Pentyl benzoate -0.78 -0.81 _ 
Ethyl benzoate -0.74 -0.79 - 

a h’ recalculated from ref. 17; mobile phase composition: ethyl ether from 2.0 to 70% (v/v); b” 
recalculated from ref. 14; mobile phase composition: ethyl ether from 0.1 to 60% (v/v); b”’ recalculated from 
ref. 15; mobile phase composition: ethyl ether from 0.2 to 60% (V./V). 

The parameter b changes very little when differsnt batches of packing material 
with the same grain size and the same mobile phase are ased, because the behaviour of 
the adsorbing surface is very similar. Table III gives the values of the parameter 
b observed in adsorption chromatography, which are in good agreement with the 
theoretical values. 

FACTORS AFFECTING PARAMETER c 

The parameter c in RP-HPLC is mainly determined by the difference between 
solute-strong solvent and solute-weak solvent interactions, and is almost independent 
of the behaviour of the solute adsorbed on the surface. It is a constant when different 
packings and the same mobile phase are used. Table IV gives the values of the 
parameter c observed with different Cl8 packings for various solutes. 

On the other hand, the polarizability of a solute is proportional to its Van der 
Waals volume: 
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TABLE IV 
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PARAMETER c OBSERVED WITH DIFFERENT C,* PACKINGS WITH WATER-METHANOL 

MOBlLE PHASE (METHANOL FROM 60 TO 95%, v/v) FOR VARIOUS COMPOUNDS 

Solute J’QG ES LiChrosorb B4 B8 

Benzene 

Naphthafene 
Biphenyl 
Phenanthrene 
Anthracene 
Chrysene 
I ,6Diphenylbenzene 
Anisole 

Benzyl alcohol 
Acetophenone 
p-Nitrotoluene 
n-Butyl benzoate 

-2.69 -2.62 -2.71 -2.80 - 2.86 -2.75 
-3.50 -3.49 - 3.62 -3.59 -3.78 -3.67 
-4.14 -4.10 -4.26 -3.83 -4.40 -4.27 
-4.54 -4.53 -4.30 -4.35 -4.56 -4.46 
-4.44 -4.50 -4.41 _ _ _ 
-5.09 -5.04 -5.18 - _ - 
-5.59 - 5.55 -5.57 - - - 

-2.70 -2.63 -2.74 -2.82 -2.80 -2.71 
-2.05 -1.93 - 2.00 -2.12 _ 
-2.30 -2.18 -2.30 - _ _ 
-3.00 -2.97 -3.05 - - - 
-4.05 -4.00 -4.10 _ - - 

On substitution of eqns. 5 and 6 together with eqn. 7 into eqn. 4, the parameter c can be 
expressed as: 

where 

k3 = & (KAR, 

k, = bT WAB, 

ks = bT [(KAR, 

- 

K&J .’ 3auo1Azuo + agO _ 

dn i w* + hoI i 

(KAU , - ER,) + 
3~B,L~B, 

TAB, 2(1A + IB,) + "I 
(9) 

K;,,) $ 3crdA1ao + ego 
o i 

- 
2(1A + h,) ) 

- GR,) & 
3%,IAIBo 

AnI 

K&i,) I;- +a ) 
1 2(1A + IB,) 

+ aB, (10) 
A, o 3kT ” - 

(Km, -K&)‘&(&+ EB,)] (11) 

GB,)~AB, - (KAB,, - ~~,)ZAB,] (12) 
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It can be seen from eqn. 8 that the parameter c is determined by the Van der 
Waals volume, dipole moment and hydrogen bond energy of the solute in a given 
mobile phase system. Y, can be calculated by Bondi’s methodis, dipole moment data 
are available for some solutes, but data on hydrogen bond energies are scarce19. In 
fact, the hydrogen bond energy between molecules is also affected by the sourrounding 
functional groups. For example, if the parent compound to which a hydroxy group is 
attached is a hydrocarbon, then the hydrogen bond energy between molecules can be 
0.5-1.0 kcal/mol higher than that between water molecules2’. On the other hand, the 
possibility of hydrogen donors and/or acceptors for the solute and solvent in 
chromatography must be considered simultaneously”. 

Tables V and VI show the values of V,, PA and X,u for some solutes and 
a comparison of calculated and experimental values of parameter c. The results in 
Tables V and VT show the good correlation between the parameter c and structural 
parameters of the solute. 

If a solute is non-polar, then /L A = 0 and xAn = 0 and there should be a linear 
relationship between the parameter c and Van der Waals volume of the solute (V,). 

TABLE V 

VALUES OF V,. j+, AND X,, FOR VARIOUS SOLUTES AND COMPARISON OF CALCULATED 

AND EXPERIMENTAL c VALUES WITH METHANOL-WATER MOBILE PHASE (METHANOL 

FROM 40 TO 70%, v/v) 

Data are recalculated from ref. 2 I. 

Solute VW X.4, c’ (exp.)” cl iealc.) a.b A 

Benzene 43.36 0 0 
Chlorobenzene 57.48 1.58 0 
Toluene 59.51 0.43 0 
Bromobenzene 60.96 1.53 0 
Iodobenzene 65.48 1.28 0 
Ethylbenzene 69.74 0.35 0 
o-Xylene 70.66 0 0 
Aniline 56.38 1.56 15 
Phenol 53.88 1.55 12 
Methoxybenzene 63.21 1.25 6 
Benzaldehyde 60.06 2.80 10 
Benzyl alcohol 64.11 I .6-l 16 
Nitrobenzene 62.64 3.93 8 
Benzonitrile 60.54 3.93 8 
Benzyl cyanide 70.77 3.50 12 
1 -Chloro-4-nitrobenzene 72.12 2.60 9 
1 -Bromo-4-nitrobenzene 75.23 1.94 9 
4-Nitrophenol 68.14 4.76 I6 
I ,CDimethoxybenzenc 77.06 1.70 16 
2,4-Dinitrobenzene 88.07 4.33 20 
4-Methoxybenzaldehyde 74.41 3.26 16 
4-Hydroxybenzaldehyde 65.58 4.22 20 

’ c’ = c.‘lnlO 

- 2.95 -2.67 0.28 
- 3.75 -3.45 0.39 

-3.54 -3.56 0 
-3.93 -3.64 0.29 
-4.13 -3.89 0.24 
-4.06 -4.13 -0.07 

-3.87 -4.18 -0.31 
-2.38 -2.28 0.10 
-2.66 - 2.36 0.30 
-3.16 -3.32 -0.16 
-2.62 -2.63 -0.01 

-2.79 -2.84 -0.05 
-3.03 -3.12 -0.09 
-3.05 -3.00 0.05 
-3.27 -3.27 0 
-3.45 -3.58 -0.13 
-3.63 -3.76 -0.13 
-2.X3 -2.82 0.01 
- 3.27 -3.34 -0.07 
-3.33 -3.62 -0.29 
-3.17 -3.18 -0.01 

-2.69 -2.39 0.30 

b C’ -0.2887 = + 0.07414 X,, - 0.05502 Yw - 0.001535 p;; S.D. = 

0.1535. N = 22. 
0.2021, average error = 
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TABLE VI 

VALUES OF VW, pA AND X,, FOR PHENOLS AND CARBOXYLIC ACIDS AND COMPARISON 
OF CALCULATED AND EXPERIMENTAL (‘VALUES WITH ACETONITRILEPWATER MOBILE 

PHASE (ACETONITRILE FROM 20 TO 40x, v/v) 

Data are recalculated from ref. 22. 

c’ (exp.) a c’ (calc.)“,b A Solute VW PA X AH 

2-Methylphenol 65.03 1.41 6.5 

3-Methylphenol 65.03 L.54 6.5 

4-Methylphenol 65.03 1.54 6.5 
2,3_Dimethylphenol 76.18 1.25 7.0 

2,4-Dimethylphenol 76.18 1.39 7.0 

2,S-Dimethylphenol 76.18 1.44 7.0 

3,CDimethylphenol 76.18 1.53 7.0 
3,5-Dimethylphcnol 76.18 1.76 7.0 
Benz&c acid 63.38 1.72 7.5 
3-Mcthylbenzoic acid 76.51 2.75 7.5 

2-Methylbenzoic acid 76.51 1.70 7.5 
2-Chlorobenzoic acid 74.84 2.49 7.5 

2-Bromobenzoic acid 77.96 1.91 7.5 
3-Bromohenzoic acid 77.96 2.17 7.5 

4-Bromobenzoic acid 77.96 2.10 7.5 

wans-Cinnamic acid 82.32 2.26 7.5 
~ ._ 

’ r’ = c/lnlO. 
’ 1.7794 c’ = ~ 0.2490 X,, - 0.04895 VW - 0.04216 &; S.D. = 0.2026, a\Cerage error = 0.1294, 

N = 16. 

-3.11 -3.11 0 
-3.17 -3.12 -0.05 
-3.17 -3.12 -0.03 

- 3.68 -3.76 -0.08 
-3.76 -3.77 -0.01 
-3.73 -3.78 -0.05 
- 3.73 -3.79 -0.06 
-3.83 -3.82 0.01 

-3.34 -3.31 0.03 
-4.09 -4.15 -0.06 
-3.82 - 3.95 -0.13 
-3.67 -4.01 -0.34 
-3.77 -4.06 -0.29 

-4.51 -4.19 0.32 
-4.59 -4.10 0.41 
-4.33 -4.33 0 

Fig. 1 shows the relationship between c and V, observed in an RP-HPLC experiment. 
If solutes belong to a homologous series, the same dipole moments and hydrogen 

bond energies are assumed and Van der Waals volume can be described as: 

(13) 

where ni and A VW(i) are the numbers of group i and the Van der Waals volume 
contributed by group i and n, and A VwcCH,, are the numbers of methylene groups and 
the Van der Waals volume contributed by a methylene group. Substitution of eqn. 13 
together with PA and xA, in eqn. 8 gives the parameter c for homologous compounds: 

c = k6 + k7nc (14) 

where 

(15) 
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01 I I I I L 

20 40 60 60 100 120 
“W 

Fig. 1. Linear relationship between c and VW for some polynuclear aromatic hydrocarbons observed in an 
RP-HPLC column system with Nucleosil-ODS packing and water-methanol mobile phase (methanol from 
60 to 9S%, v!v). 

Eqns. 14-16 mean that there is a linear relationship between c and carbon 
number for homologous compounds, as shown by the data in Table VII. 

In NP-HPLC, i?Nn,/ahr, is large and the effect of displacement of a solute by 
adsorption on the parameter c cannot be neglected. For homologous compounds in 
adsorption chromatography, the relationship between carbon number and the 
parameter c shown in eqn. 14 must be corrected for the contribution of adsorption of 
the solute: 

c = kc, + k,n, + nzb (171 

where 

1 
tTl= [cKH,H, ~ &,HI)x~,~, - (KR,H, - Ki,Ho)XB,Bo] 

TABLE VII 

LINEAR RELATIONSHIPS BETWEEN c AND CARBON NUMBER FOR HOMOLOGOUS SERIES 

Data recalculated from ref. 23. Homologues: A, 3,S-dinitrobenzoates of n-alkanols; B, p-bromophenacyl 
esters of lower saturated carboxylic acids: C. 1,2-naphthoylbenzimidazole 6sulphonamides of n-alkyl- 

amines. Binary mobile phases: M, = methanol-water (methanol from 70 to 90%, v/v); Mz = dioxane- 
water (dioxane from 50 to 75%. v/v); M, = acetonitrile-water (acetonitrile from 60 to 80%. v/v). 

Mobile Homologous series 
phase 

A E C 
--.. 

k, k, r” ks k, r” kc k, I’ 

Ml -6.50 - 1.01 0.9984 ~ 6.49 - 0.944 0.9955 -6.59 -0.999 0.9984 
ML -4.89 - I .30 0.9963 -6.13 - I .29 0.999 I -8.36 -1.06 0.9938 

M3 -6.62 -0.327 0.9924 -5.79 -0.398 0.9868 -2.97 -0.529 0.9780 

B Regression coefficient. 
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TABLE WI1 

COMPARISON OF EXPERIMENTAL AND CALCULATED c VALUES FOR HOMOLOGOUS 
BENZOATES OF n-ALKANOLS 

Data from ref. 16. 

Purumelrr n, 

I 2 3 4 

c (exp.) -0.39 -0.45 -0.58 -0.83 

C (cdk.) -0.39 -0.43 -0.60 -0.83 

and k6 and k, are as in eqns. 15 and 16. Table VIII gives the results for the comparison 
of experimental measured parameters c with those calculated by eqn. 17 for a 
homologous series of benzoates of n-alkanols. The results in Table VIII describe well 
the variation of the parameter c for homologous derivatives separated by NP-HPLC. 

FACTORS AFFECTING THE PARAMETER a 

The parameter a is influenced by the behaviours of the stationary phase, solvent 
and solute. In a given reversed-phase system the parameter a can also be correlated 
with structural parameters of the solute and can be expressed as: 

a = k; + k;V, + kL+i + k;X,, (18) 

where 

k:, = j$ I($$ + %a) - (KAB,, - Ktn.,@ + EB”)] (21) 

k; = bT [& - (KAB,, - Kiu”)&B,l (22) 

It is possible to correlate the parameter u quantitatively with the structural 
parameters VW, PA and X,n of a solute as discussed above. Table IX illustrates the 
quantitative correlation between parameter CI and VW, PA and X,, observed in 
RP-HPLC with methanol-water for 22 compounds and acetonitrile-water for 16 
compounds, and demonstrates the validity of the theoretical deduction. 
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TABLE IX 

COMPARISON OF EXPERIMENTAL AND CALCULATED a VALUES 

Values of VW, ,u,+ and &,a for solutes and mobile phase compositions as in Tables V and VI. 

Methanol-water Acetonitrilt-water 

Solure a’ iexp.)” a’ (~alc.)‘~~ A SOlUte a' (exp.)” a’ (calc.)y~c A 

Benzene 2.45 2.53 0.08 
Chlorobenzene 3.22 2.97 -0.25 
Toluene 3.12 3.12 0 
Bromobenzene 3.42 3.16 -0.26 
Iodobenzene 3.68 3.42 -0.26 
Ethylbenzene 3.68 3.61 -0.01 
o-Xylene 3.60 3.72 0.12 
Aniline 1.36 1.43 0.07 
Phenol 1.56 1.59 0.03 
Methoxybenzene 2.55 2.70 0.15 
Benzaldehyde 1.92 2.04 0.12 
Benzyl alcohol I.57 I.74 0.17 
Nitrobenzene 2.06 2.23 0.17 
Benzonitrile 2.06 2.12 0.06 
Benzyl cyanide 2.15 2.67 0.52 
I -Chloro-4-nitrobenzene 2.82 2.80 -0.02 
I-Bromo-4nitrobenzene 3.00 3.01 0.0 I 
4-Nitrophenol I.77 I.61 -0.16 
1,4-Dimethoxybenzene 2.55 2.44 -0.11 
2,4_Dinitrobenzene 2.62 2.36 -0.26 
4-Methoxybenzaldehyde 2.23 2.32 0.09 
4-Hydroxybenzaldehyde 1.36 1.16 -0.20 

a a’ = a/lnlO. 

Z-Methylphenol 1.61 
3-Methylphenol I .65 
4-Methylphenol 1.65 
2,3-Dimethylphenol 2.10 
2,QDimethylphenol 2.14 
2,5-Dimethylphenol 2.14 
3,4-Dimethylphenol 2.12 
3.5-Dimethylphenol 2.04 
Benzoic acid 1.47 
3-Methylbenzoic acid 2.00 
2-Methylbenzoic acid 1.87 
2-Chlorobenzoic acid 1.69 
2-Bromobenzoic acid 1.80 
3-Bromobenzoic acid 2.33 
4-Bromobenzoic acid 2.38 
rrans-Cinnamic acid 2.08 

1.68 0.01 
1.67 0.02 
1.67 0.02 
2.09 -0.01 
2.09 -0.05 
2.09 -0.05 
2.01 -0.05 
2.08 0.04 
1.42 -0.05 
1.95 -0.05 
2.01 0.14 
1.89 0.20 
2.06 0.26 
2.05 -0.28 
2.05 -0.33 
2.24 0.16 

* a’ = -0.07132 fi(: + 0.05372 V, - 0.01747 0.09885 _k’,,; S.D. - = 0.1812, averageerror = 0.1400, N = 22. 

c a’ = -0.1094 + 0.04441 VW 0.01305& 0.07414x*,; S.D. - + = averageerror 0.1821, = 0.1389, N = 16. 

If the solutes are non-polar, then p-k = 0 and X,,, = 0 and eqn. 18 can be 
simplified to: 

a = k; + k; VW (23) 

Eqn. 23 means that there should be a linear relationship between the parameter a and 
VW for non-polar compounds. The validity is confirmed by the results shown in Fig. 2. 

If the solutes belong to a homologous series, there should be a linear relationship 
between the parameter a and the carbon numbers of the homologous substances: 

a = k;j + k;n, (24) 

where 

(25) 
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Fig. 2. Linear relationship between a and V, for some non-polar compounds observed with the same system 
as in Fig. 1. 

Table X gives the results of the linear regression of parameter a and carbon 
numbers of the homologous series, showing consistancy with theory. 

In adsorption chromatography, the effect of displacement by adsorption on the 
parameter a must be considered for a homologous series. Then the parameter a can be 
expressed as: 

a = kk + k;n, + m’h (27) 

where 

and kk and k; are as in eqns. 25 and 26. Eqn. 27 derived theoretically describes well the 
dependence of the parameter a on the carbon numbers n, and the parameter b 
(Table XI). 

TABLE X 

LINEAR RELATIONSHIP BETWEEN a AND CARBON NUMBERS FOR HOMOLOGOUS SERIES 

Homologues A-C and mobile phases M,-MJ as in Table VII. Data recalculated from ref. 23. 

Mobile Hondogous .wrics 
phase 

A 

k’6 k; In 

Ml 4.04 1.18 0.999 I 
M2 3.93 1.26 0.9990 
M3 3.51 0.592 0.9991 

a Regression coeffkient. 

B 

kk 

4.00 
3.27 
3.09 

K7 ra 

1.10 0.9970 
1.23 0.9998 
0.628 0.9967 

c 

6 

4.89 
3.80 
1.59 

k; ra 

1.10 0.9994 
1.05 0.9971 
0.677 0.9883 
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TABLE XI 

COMPARISON OF EXPERIMENTAL AND CALCULATED (EQN. 27) a VALUES FOR HOMOL- 
OGOUS BENZOATES OF n-ALKANOLS 

k; = -2.22, k; = -0.161, m’ = -0.105. Data from ref. 16. 
_ 

n< a iexp.j a (cdc. j A 

1 -2.14 -2.31 -0.17 

2 -2.50 - 2.47 0.03 

3 -2.76 - 2.63 0.13 

4 -2.95 -2.94 0.01 
5 -3.03 -2.95 0.08 

6 -3.13 -3.11 0.02 
7 -3.31 -3.26 0.04 

8 -3.28 -3.42 -0.14 

Another problem is to establish how the amount of bonded hydrocarbon chain 
(Ns) covering the stationary phase affects the retention value in RP-HPLC. From 
eqns. l-4, it can be seen that the effect of Ns on the retention is given by the change in 
the parameter a when the other operating conditions remain constant: 

a = In Ns + c 

where 

C = - In Vs - In /I + 

(28) 

By substituting eqn. 28 together with eqns. 2-4 into eqn. 1 and rearrangement, we 
obtain the following expression: 

k’ = SA$ (30) 

where 

S = exp (h In Cb + cCb + C) (31) 

Eqn. 31 means that there is a linear relationship between k’ and Ns which passes 
through the origin (Figs. 3 and 4). 

RELATlONSHlP BETWEEN PARAMETERS LI AND L 

It has been reported that a linear relationship between the parameters a and c 
was observed for some compounds7*z3. From the results discussed in the previous two 
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Fig. 3. Linear relationship between k’ and Ns for nitrobenzene at different compositions of methanol-water 
mobile phase. Data replotted from ref. 24. 

Fig. 4. Linear relationship between k’ and Ns for methyl benzoate at different compositions of 
methanol-water mobile phase. Data replotted from ref. 24. 

sections, it can be concluded that for a given RP-HPLC system it is possible to obtain 
a good linear relationship between parameters a and c if two of the three structural 
parameters VW, PA and .&u are equal or close. For non-polar compounds and 
homologous series of compounds this relationship can be expressed by the following 
equations: 

non-polar compounds: a = k8 + kg (32) 

homologous series: u = kk + k&c (33) 

where 

k8 = k; - k;k,lk,; kg = k;lk, (34) 

k’, = I& - k;k,lk,; k; = k;/k, (35) 

It can be seen from eqns. 34 and 35 that the slope of the linear relationship 
between a and c is mainly determined by the ratio of the difference between the 
solute-stationary phase and solute-weak solvent dispersive interactions to the 
difference between the solute-strong solvent and solute-weak solvent dispersive 
interactions, the intercept being related to the various physico-chemical behaviours of 
the stationary phase, solute and solvents. Figs. 5 and 6 show the linear relationship 
between a and c for non-polar compounds and homologous series, respectively. 
Table XII gives the results of a comparison of k)8 and k’, calculated by eqn. 35 and 
those obtained by regression from a and c directly for homologous series. These results 
for non-polar and homologous compounds confirm the theoretical data. 

It must be pointed out that k’, for homologues in a dioxane-water binary mobile 
phase is less than - 1, which means that 

-k; > k7 (361 
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Fig. 5. Linear relationship between a and c for ten non-polar compounds observed with the same column 

system as in Fig. 1. 

Fig. 6. Linear relationship between a and c for homologous 3,5-dinitrobcnzoates of n-alkanols in different 

binary mobile phases: I = methanol-water: 2 ~ acetonitrile-water; 3 = dioxane-water (see Table VII). 

Data replotted from ref. 22. 

After substitution of eqns. 16 and 27 into eqn. 36 and rearrangement, we obtain: 

1 

-i 

3a,I,I, 

rh 2(Z* + I,) + Pi > 
- I%,) 

i 

3aB,I.dB, 

2(IA + IB,) + & ! 
(37) 

Eqn. 37 means that the dispersive interaction between the solute and the stationary 

TABLE XII 

COMPARISON OF EXPERIMENTAL AND CALCULATED k; AND k; VALUES (EQN. 32) FOR 
HOMOLOGOUS SERIES 

Data recalculated from ref. 23. Homologucs A-C and mobile phases MI-MB as in Table IV. 

Mohik Homologous series 
phuse 

A B C 

k:, 4 A 4 k; A kb 4 A 
(e&U. J / CL&. J i%)” 1 etp.) fU?k. J i%)” iexp.) (calc.j i’%J” 

Ml -0.859 -0.856 0.07 -0.859 -0.855 0.47 -0.908 -0.91 I -0.27 

M2 - 1.037 ~ 1.035 0.24 - I .050 - 1.049 0.11 -1.011 -1.009 0.24 

M3 --OS58 -0.554 0.71 -0.643 -0.634 I .34 -0.802 -0.780 2.78 

kb, k’* A kk k’, A k’* 4 A 
(asp. J imk. j i%l iesp. j (rnk.) i%j lexp.) (talc.) i%) 

Ml -- 3.039 -3.046 -0.20 -3.048 -3.031 -0.07 -2.144 -2.135 0.40 

M2 -2.807 -2.828 -0.75 -2.702 -2.710 -0.31 -4.50 -4.526 -0.58 

M3 -4.651 -4.675 -0.42 ~~ 3.827 - 3.779 1.27 -1.692 -1.737 -2.48 

’ Relative error: A (%) = 4 (WP.) - k;(cak.) 
100 

4 (exp.) 
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phase is weaker than that between the solute and a strong solvent. If a methanol-water 
or acetonitrile-water binary mobile phase is used, then kb 2 - 1, which means that: 

1 3a,rA1, 

;” 

_____ 

2(1, + 1,) + ” 1 1 
> 6 (&BI - 

PAD, 
6B,) 

3aB,IAIB, 

2(1A + I&) + “I 1 (38) 

Eqn. 38 shows that the dispersive interaction between the solute and a strong solvent is 
weaker than that between the solute and the stationary phase. These results confirm 
that the dispersive interaction of dioxane is stronger than that of methanol and 
acetonitrile and the stationary phase affects the retention and selectivity in both NP- 
and RP-HPLC. 

CONCLUSION 

The parameter b in RP-HPLC approaches to a small constant value because the 
displacement by adsorption is very weak. In NP-HPLC, this displacement is strong 
and the parameter h changes slightly when different batches of packing of the same size 
and the same mobile phase are used; the absolute value of the parameter h increases 
slightly and approaches a constant value with increasing carbon numbers for 
homologous series. The parameter c in RP-HPLC is mainly determined by the 
difference between solute-strong solvent and solute-weak solvent interactions and 
approaches a constant value when different packings and the same mobile phase are 
used. The parameter c in RP-HPLC can be correlated with structural parameters of the 
solute such as Van der Waals volume (V,), dipole moment (~1~) and hydrogen bond 
energy (X,,). For compounds such as non-polar or homologous series, a simplified 
linear relationship between the parameters c and I’, can be established. The parameter 
c in NP-HPLC is also influenced by displacement of the solute and the relationships 
discussed for parameter c in RP-HPLC must be modified to take account of this effect. 
The parameter a in both RP- and NP-HPLC follows similar relationships to the 
parameter c. A linear relationship between k’ and coverage of CL8 in RP-HPLC has 
been derived theoretically and confirmed experimentally. There is a good linear 
relationship between the parameters n and c’ only when two of the three structural 
parameters V,, ,u~ and X,, of solutes are equal or close and the effect of displacement 
of solute by adsorption on the parameters c( and c can be neglected. 
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