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SUMMARY 

The behaviour of functional groups having widely differing physico-chemical 
character has been examin ed in ion-pair reversed-phase high-performance liquid 
chromatography using surface active pairing ions. The e&c& of temperature, mobile 
phase, organic modifier type and percent composition, stationary phase carbon 
loading and type, ionic strength, and pairing ion structure, charge and-concentration 
on extra-thermodynamic functional group contribution values, have all been deter- 
mined. Analysis of group behaviour within the framework provided by solvophobic 
theory is often found to be possible using linear free-energy relationship approaches, 
and it is shown that retention behaviour can be described as ion-pair formation in 
the mobile phase followed by distribution to the stationary phase. In addition, sub- 
stituent behaviour is found to exhibit linear enthalpyxntropy compensation behav- 
iour, suggesting further that a common retention mechanism can be described for all 
ionized solutes using these pairing ions. 

INTRODUCSTON 

Many compounds of pharmaceutical or biochemical interest, (for example 
pharmacons, metabolites and phytochemicals), are either polar or can be found in 
the ionised form. The use of ion-pair high-performance liquid chromatography 
@iI?lLC) to analyse solutes of this type is glow well established’. Such techniques 
involve the addition of an oppositely charged pairing ion to the chromatographic 
phase system, so that solute retention is effected by ion pairing via various mecha- 
nisms. Ion-pair reversed-phase (RP) HPLC, where the pairing ion is added to the 
mobile phase, has been shown to have high ffexibiity in retention and selectivity 
c~ntroI, parti~uldy when the pairing ion is surface act&+9 The area of ion-pair 
HPLC has recently been reviewedc. 

- To whom corrtspond~ should be ad- Resent address: Subfacdty of Pharmacy, 
University of A.rnste&~, Plantage Muidergzscht 24, Amserdam, 3345 Nethedands. 



Use of surface active agents as pairing ions in RP-EWLC! is intriguing, both 
theoretically and practically. They nearly always result in improved solute resolution 
and column efficiency over other types of pairiug ions, and they are often the pairing 
ion of choioe(. Theoretically it has been argued that these large hydrophobic ions 
exert their action either via a dynamic ionexchange events-7, or via ion pairing in 
the mobile phase followed by distribution to the stationary support2**, or via a com- 
bination of both effect9. 

In this paper a semi-empirical approach for rationalizing solute retention in 
ion-pair surfactant RP-HPLC is presented, and is comprised of a thorough study of 
fuuctioual group contributions with respect to various environmental and con- 
stitutioual factors. Anionic and cationic pairiug ions have been used, and the effect 
of temperature, or,oanic modifier type and percent composition, stationary phase 
carbon loading and type, pairing ion concentration and hydrophobic@, and ionic 
strength on functional group behaviour, have &en determined in detail. 

Extra-thermodynamic approaches to data analysis have been used wherever 
possible, iucluding examiuatious of linear free-energy relationships and enthalpy- 
entropy compensation effects. 

EXPERIICIENTAL 

Apparatus 
HPLC systems were custom built and have been described previously9*‘o. 

Column and injection valve temperature were controlled, (-& 0.2”Q by enclosure iu 
a mod&d gas chromatographic oven (Perkin-Elmer Fl l), or, for the tbermodyuamic 
study, by immersion in a thermostatically controlled (-& O.l’C) water bath. 

Scheme I gives structures of solutes and pairing ions used in this study. Alkyl- 
benqldimethylammonium chlorides were as described previously”, except for the C14 
and C,, homologues which were of “puriss” grade and were supplied by Fluorochem 
(Glossop, Great Britain). Alkylsulphates9 were supplied as pure (> 98 “A by Cam- 
briau Chemicals (Croydon, Great Britain) except for sodium dodecylsulphate which 
was supplied by BDH (Poole, Great Britain), and was described as specially puril%d 
for biochemical work. Sodium cromoglycate was as described previo~sly~~, substi- 
tuted 8-aza-purin-&ones and 1,3,5+triaziues were kindly donated by Dr. K. R. H. 
Wooldridge (May aud Baker, Dagenham, Great Britain), and were used as received. 
Substituted beuzoic, phenylacetic and ciunamic acids were of at least reagent grade 
and were obtained from BDH, Cambrian Chemicals, and Fisons (Loughborough, 
Great Britain). All other chemicals were of AnalaR grade (Fisons), except for 
acetonitrile, n-hexane and methanol which were of HPLC grade (Rathbum, Great 
Britain). Water was double distilled from an all-glass still, except for the study of ionic 
strength effects where it was also deionized. 

Packing materials used were Spherisorb SS ODS and Hexyl, both Sprn, 
(Phase Separations, Queensferry, Great Britain); Partisil 10 ODS and Partisil 10 
ODS-2 both 10pm (Whatman, Maidstone, Great Britain); and ODS Hypersil, 5 pm 
(Shaudon Southern Products, Runcom, Great Britain). 
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STRUCFURES OF SOLUTES AND PAIRING IONS 

izJ~Oormd Structure subtiituents 

Benwic acids 

Pairing kb.s 

AlkylbenzyIdimethyI- 
ammonium CllIOrides 

sodium dodecyl- 
=JlPW 

COOH 
Y =2;3;4-NH2 

2;3;4-NO2 
2;3 $-OH 

Y=H;SO&&;NH&N;OH; 
so~c&;sH;Co*c,H,; 
OCJb;c<C~,h 

3-Y =n-C&, ;C(CH& ;N(CH& ; 
SCH,;CF,;Br;CN;SO,CH~;OH 
_(CHL),-phenyl;-(CH~~-p~enyl-eOC 
-O-n_CsHu;-O-n-C&m 

4-Y =n-~H,,;SCHa;CF~;Br;NHCOCH3; 
~;OH;S02CH,;S02MIr;~~~)~ 

n=s-14 

Pfocedufes 
i Column packing and preparation methods and chromatographic procedures 

were as described previously lo. Functional group contributions were derived from at 
least triplicate determinations of capacity ratios. Mobile pbse pH was adjusted so 
that soIrrtes being studied were in the fully ionised state. 

Non-linear least squares analysis was carried out using a PDP-11 minicomp&er 
using a standard program employing Marqwrdt’s gradientexpansion method. 
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RESULTS AND DJSCUSSION 

Fwzctiod group dues 
Functional group contribution towards retention may be defined as 

t = log r,, = lOg(K,/Kl) (9 

where K are orpacity ratios of solutes j and i which difFer by a functional group, r is 
the seiectivity coefkient and T is its logarithmic form. In this present study the 
reference solute i is taken as the unsubstituted analogue. The capacity ratio may be 

rdated to solute distribution coeflicients (Kp) by 

KII = K/c, (2) 

where 9 is the phase volume ratio. Hence the group contribution term, t (or log r,& 
is analogous to other substituent extra-thermodynamic te~rms~~ such as the 4RMti 
term in thin-layer chromatography @LC), the Hausch az” term in liquid-liquid 
distribution, or the Hammett electronic G l4 term_ It is an extremely convenient 
function with which to rationalist the factors afE&ing solute retention since it is 
independent of phase volume ratio, as experimcntall~ verified for ion-pair systems 
by Wahhmd and co-workers 15*16_ Accordingly, we present in this communication 
data which show how t is affected by various environmental and constitutional 
factors. Wherever possibIe, the data has been rational&d by means of linear free- 
energy relationships l’. Group values determined under standard sets of condition for 
three substituted solute series are given in Table I. All group values are correlated 
well with z values indicating that the physico-chemical phenomena underlying liquid- 
liquid distribution between bulk phases are also controlling retention in ion-pair IX 
systems. The appropriate correlation equations (analyscd by linear least squares 
regression) are given below, i.e. 

benzoic acids: t = 0.4% + 0.03 n= 10 r = 0.940 (3) 

ixmpuriYles: t = 0.49z - 0.01 R = 10 r = 0.983 (4) 

triazines: t = OSlY.5 - 0.05 n = 20 r = 0.961 0 

all series: 7 = 0.4% - 0.02 n=40 r = 0.965 (6a) 

t = 0.47z -0.002 n =44 r = 0.941 (6b) 

where II! and r refer to the number of data points and the correlation coefhcient, 
respectively. z values (water-l-octanol) have been obtained from refs. 13, X8 and 19 
for the substituted benzoic acid series, from ref. 19 for the substituted azapurines, 
and from refs. 19 and 20 for the triazine series. Eqn. 3 is for 3- and Csubstituents, 
whereas eqn, 6b iucludes the Zsubstituted benzoic acid groups. Regressed slope 
coefiicieuts for eqns. 3-6 are c 1 reflecting the presence of methauol iu the chro- 
matographic mobile phase?. Other workersx*a have descrii similar linear free- 
enerm relationships between bulk phase partition parameters and ion-pair HPLC 
data (see Fig. 4, ref. 4). Fig. 1 gives the general relationship between n and t values 
(eqn. 6) found for a variety of pairing ions of both negative and positive charge, 
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FUNCFlONA!L GROUP CONTRlBUTlON VALUES FOR AROMATIC SUBSTiTUEN-i-S 

3-0H 
+-OH 

-0.37 
-0_2 

4-NHcOCH3 -0.30 

3-NKH& -0.50 

ESO,CH, -0.36 
dsOrCH, -0.45 

4-SOzNHz -0.69 
3-o-n-a% 1.20 

3-CN 
4-CN 

3-SCH, 
4SCH, 

3-cF, 
4-cF3 

3-Br 
4-Br 

-0.29 
-0.33 

0.90 
0.95 

1.77 
1.80 

0.38 
0.29 

0.48 
0.23 

0.30 
0.20 

3-OH 

3-SO=CH, 

4-SO,NHr 
3-SO,C& 

3-CN 

3-CwH3h 

3-SH 

-0.19 

-0.48 

-0-71 

-0.71 
-0.17 

-0.31 

0.95 

0.71 
0.30 

0.04 

2-OH 0.25 
3-OH -0.30 
4-OH -0.45 

Z-NH2 -0.11 
3-NE& -0.50 
4-NH, -0ss 

2-NO= -0.14 
3-NO2 0.16 
dN0, 0.15 

2-a 

zz 

0.03 
0.49 
0.45 

2-CH, 0-0s 
3-CH, 0.24 
4-C& 0.21 

CH2‘ 0.05 
CH=CH“ 0.31 

OH 
NH2 

NO2 

CI 

m3 

r,,z**fi 

-0.70 
-0.44 

0.29 
0.42 
0.16 

l Stationary phase Spherisorb ODS; mobile phase methanol-water (1 A), 26- lo-’ mol-dma 
sodium dodezyIsuIphate; IIow-rate 1.7 ml-min-‘; 30°C; pH 2.2 (0.1% HzSO& 

** Stationary phase Spherisorb ODS; mobile phase methanol-water (1 :l), LO- lo-’ mol-dm3 
undecylbesuyldinxtbykmmoimethylammonium CbIorIde; flow-rize 20 ml-min-‘; 30%; pH 7.5 (25 lo-’ mol- 
din-’ K2HpoI). 

l ** Stationary phase Spherisorb ODS; mobile phase methanoI-water (1 A), 4-O- 10mL mol- dmq3 
tenkcyibazyIdimetbyIammonium chloride; flow-rate 1.5 ml-min-‘; 30°C; pH 7.5 (2.S- LO-’ mo!- 
dm-” K2Hpo‘). 

I PheayIacetic acid. 
“ Cixmamic acid. 

11‘ Eqn. 8. 

various solute series and mobile phases of varying compositions and acid strengths. 
This correlation agrees with the cmclusions of Horvaith et al.p, that a solvophobic 
e&cP is primarily responsible for retention in ion-pair systems (see below), as is 
shown by linear relations between retention behaviour and solute (or group) hydro- 
ca&onaceous surface areas= which are directly related to hydrophobic&y parameters. 
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Fig. 1 _ Relationship between liquid-liquid distrib;ltion grotip whs, xl9 and chromatographic group 
values, r, derived from three solute series using chromatographic conditions given in Tabte I (see 
eqn. 6). Closed data points for the benzoic acids correspond to orrho substitcents using x values 
ca!cuiated from toluene and phenoxyacetic acid series. 

It has been arguedz5 that LC can provide hydrophobic&y parameters for use in 
quantitative structure-biological activity models. It is found here, (eqn. 7) that T values 
determined in an ion-pair RP-HPLC system using sodium dodecylsulphate as the 
pairing ion and methanol as the organic modser (Table T), can be used as indices 
of hydrophobic&y for relating the physicochemical properties of a series of 1,3,5-s- 
t&zincs to their minimum inhibitory concentrations @SIC)” against Staphylococcus 
izureus, i.e. 

Iog(l/MIC) = l.Or f 2.9 t;= 10 r = 0.965 (7) 

The group contribution approach can be extended to indicate variation in 
retention between steric isomers, hence, for example, we may write: 

Gf2 = ~~&~~~lK,~ko~ @) 

where t4,t relates to the differences in group sekctivity substituted in the ortho 
position compared to the pma ring position. Appropriate values are included in 
Table I, and since they are analogous to dRHW steric terms should be of simiIar use 
in HPLC. 

Concentration of pairing ion 
It has been demonstrated experimentally3 So that surface active pairing ions 

adsorb onto the stationary phase in RP systems, although cafculations3~10 show that 
surface coverage is very low (1-5 “A_ Fig. 2 shows the effect of pairing ion concen- 
tration on the capacity ratios of a number of substituted benzoic acids, the relation- 
ship is a complex one with an initial sigmoidal dependence of the capacity ratios 
upon pairing ion concentration followed by a fall in capacity ratio at higher concen- 
trations. I-ZorGth et a1.8 have shown that retention behaviorrt in ion-pair systems can 
be described by 

K = (K’ f B[Xj)*(l t K,WD-‘$ t K2V.W1 (9) 



Fig. 2. Effect of pairing ion (terdecyknzyl~thylmethylammonium chloride) co~cez~tration on bemoic 
acid capacity ratios, K, under the conditions given in Table I. Key: compounds l-5, refer to cbloro, 
methyl, nitro, hydroxy and znino zubstituents, respectively, and 6 to the unsubstituted molecule; 2-, 
3- and 4-substituents are denoted by open squares, open circks and closed circles, respectively. 

where [x] is the pairing ion concentration, K’ is solute capacity ratio in the absence 
of pairing ion, Kr is the ion-pair formation constant, Kz is the pairing ion binding 
constant (with the stationary phase) and the meaning of B depends on the underlying 
physico-chemical equilibria controlling retention, such that for ion-pair formation 
in the mobile phase followed by distribution to the stationary phase I3 = K&, where 
K3 is the ion-pair distribution constant, and for dynamic ion-exchange mechanisms 
B = K,K., where K, is the formation constant for the solute-adsorbed pairing ion 
complex. Eqn_ 9 is in the form of a parabolic dependency for K on [Xl provided 
K,” > (K,[Xj)-r. The initial sigmoidal effect shown by Fig. 2 has been argued* as 
due to initial pairing ion depletion at very low concentrations, and hence is related 
to solute concentration and column load capacity 27. Pairing ion depletion causes the 
model described by eqn. 9 to be inappropriate at these low concentrations. Fig. 3 
shows that group contribution towards retention is independent of pairing ion con- 
centration in the present systems above 2 x 1W’ mol -dmm3, indicating (a) a single 
retention me&anism and WJ that retention can be altered independently of selectivity 
by changing pairing ion concentration. A number of other studies have demonstrated 
that pairing ion concentration can cause complex changes in solute capacity ratio, 
and in retrospect these also show that although selectivity is often unchanged5*8*2 
with change in concentration, with some pairing ions (notably perchlorate seiec- 
tivity can be concentration dependent. Since it can be demonstrated4~ro_ that an 
increase in akylbenzyldimethylammonium chloride concentration reduces column 
plate height and increases retention, it follows from the above that an increase in 
concentration will cause an increase in column ,msolution. 

Recentlf, convincing arguments have been presented based on solvophobic 
theory that for normal akylsulphates and sulphonates a dependence of log(B/K’ -K3 
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Fig. 3. Relationships lxhveen pairing ion concentration and T for knzoic acids using same wnditions 
as for Fii 2 Plot shows constant T values above cp. 2- lo-. mol-dm-’ pairing ion concentration. 
(-Note: data points for 341Ioro,3_methy~ and 3-nitro wincide with those of t&e wrreqonding 4- 
isomer and are not included_) Kev as for Fig_ 2 

on pairing ion chain length, (i.e. an indicator of hydrocarbonaceous surface area), is 
indicative of solute retention proceeding primarily by the formation of ion pairs in 
the mobiIe phase Assuming this to be the case in this present study, we have analysed 
the data given in Fig. 2 [omitting the initial K vahies determined at very Iow pairing 
ion concentrations (< 2 x 10s4 mol-dm-3)] in term? of eqn. 9. The appropriate 
parameters have been determined using non-linear regression ana.Iysis using initial 
estimates based on bulk-phase liquid-liquid distribution coefficients10~36. and are given 
in T’abk II. During the analysis the pairing ion binding constant, Kz, was tied at 
2,750 mol-l -dm3 based on initial parametization of thepcuachlorobenzoic acid data. 
Fig. 4 shows good linear relationships exist between log B (eqn. 9) and t (Table I) 
with the errho data points displaced from the meta and para vahes, which presumably 
reflects steric and intramokcuIar hydrogen bonding factors afkcting ion-pair for- 
mation, as indicated by their lower K1 vahxes (Table II). Since t has been shown 
(eqns. 3-6) to be correlated with substituent hydrophobicity, it follows that the akyl 
benzyldimethylammonium chlorides act as pairing ions in a similar manner to that 
discussed above for alkylsulphates and sulphonates. Thus, the fb.tction B can now 

be analysed to obtain Ki and K3. The ion-pair chromatographic distribution constant, 
K3. may be descriid in group contribution terms by 

4hg m = ks3,/K,,) (10) 

Group chromatographic ion-pair distribution constants, dlog&, and liquid- 
liquid distribution constants, z (Table II), can be related as shown by Fig. 5. IIere the 
x values for benzenoids recently compiled by Norrington et ai.l9 have been used to 
descrii functional group bulk phase distributive properties, primari& because of 
the more complete data set availabIe_ Eqns. 1 l-14 are the most appropriate regression 
equations describing the relationship, Le. 
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-FABLE II 

ION-PAIR FORMATION CONSIANTS, K,, DIS-FRIBUTLON CONST-, &, AND z 
VALUES FOR SW BENZOIC MXDS 

Ck-omatograpbic detai3.s: stationary phase Spherisorb ODS; mobile phase methanol-water (l:l), 
terdecylbenzyMimethy!ammonium chloride (O-93-7.48. 10mc mol-dm-3, KEi&?O, (4.76- 10ms 
mol.dm-% NazHpoo (2-02. lo-’ m~l-dm-~); pH 7.5; 30°C; flow-rate 2.0 ml-min-‘. 
K==-= maximuin va3ues derived for K in this phase system_ 

Fanc~in 4 Stanchd KS St&d KQ21TX. d7 
(nwl-l-&?) error (tnd-'-459) ermr t .* 

2-oH 856 t116 27.1 t3.6 4.6 6 -0.41. 
3-OH 2445 -t-306 4.7 i-O.6 1.3 -0.38 -0.50 
4-aH 3uK) t504 4.1 to.6 0.9 -0.30 -0.61 

t-NE& 762 - j- 89.4 15.2 i-21 2.1-- 6 -1.40 
3-N& 1488 f153 3.8 to.7 0.8 P -1.29 
4-N& 1952 i-206 2.6 +0.6 0.8 s -1.30 

2-NOz 579 i- 64.8 16.4 +19 19 5 0 

3-NO2 3087 ;392 11.3 t1.5 3.8 -0_05 0.11 
4-NO, 3561 -l-413 11.3 +1.7 3.5 0.02 0.22 

2-a 346 i-406 35.7 +4*7 2.7 a 0.76 

z 2511 2781 t324 i-317 26.2 26.2 +4.3 i-4.2 7.8 7.5 0.83 0.87 0.77 0.73 

2-cH, 608 + 72.5 24.1 t3.3 3.0 I 0.84 
z 2916 2570 -!-a2 ;317 14.6 14-O t1.7 +2-o 4.2 4s 0.42 0.52 0.60 0.52 

H 1569 i-199 11.1 i-1.6 2.6 0 0 

_ Benzoic acids taken from refs. 13, 18 and 37. 
** Benzenoid substituents, from the compilation by Norrington et aLz9. 
6 No Iiteratcre v&e. 

I 46 0 
r 

i 

Fig. 4. k&near plots of B wrsu T for benzoic acids, where B has been derived by non-l&ear re- 
gresion of the data given in Fig_ 2 zcconling to eqn_ 9 and has units of (mol- dm-9-‘_ Key as for Fig. 2. 
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Fig_ 5 Rebtionship between ckomatograpbic group ion-pair distriiution values, dIog& and liquid- 
liquid group distr.&ution values, sr. 19 for benzoIk acid subtituents. Plot is the regmssion line (eqm 11) 
for the 3- and 4-substituted acids; (a) and (b) refer to 2-amiuo and 2-hydroxy, respectively. Key as 
for Fig_ 2 

meta and para benzoic acids 
A log KS = 0.43z - 0.06 n = LO r = 0.964 (11) 
A log K3 = OS&r - 0.12 n= 8 r = 0.948 (12) 

all substituted benzoic acids 
d-log& = 0327z + 0.05 n= 14 r = 0.726 (13) 
A log K3 = 0.3Oz f o.OMkr _t o.lM n = 14 R = 0.709 (14) 

0 is the Hammett electronic term 14, R the multiple correlation coefficient, rc values in 
eqn. 12 are for substituted benzoic acids taken from the compilation of Davis et QL~, 
and for eqns. II,13 and 14 from ref. 19. Eqn. 14 shows that the electronic term does 
not improve the relationship given in eqn. 13 for alI substituted benzoic acids indicat- 
ing that both electronic and steric effects can perturb the general relationship, and it 
is interesting to note that in Fig. 5 datum points denoted as (a) and (b) are values for 
the @-amino and u-hydroxy substituents, respectively. 

K,, the ion-pair formation constant, does not correlate with either z or C, 
the significance of which will be discussed in the next section. 

Pairing ion chain iength 
Since it is demonstrated that the ion-pair distribution constant is related to 

group T {or z) values which are pairing ion concentration independent, and assuming 
that it is the total formed ion-pair which transfers to the stationary phase, it follows 

tit an increase in pairing ion hydrophobicity although causing an increase in solute 
capacity ratio should not a&ct solute functional group selectivity. To test this 
hypothesis the retention behaviour of a series of substituted benzoic acids has been 
examined using various a&yIbenzyldimethylammonium chlorides of different alkyl 
chain length (C&& as pairing ions. Table III shows the hypothesis to be correct, 
i.e. that group selectivity is invariant with pairing ion hydrophobic@, although 



FUNCTIONAL GROUP BEHAVIOUR IN TON-PAIR RP-ZZPLC 207 

CAPAClXY RATIOS AND GROUP CONTRIBUTfON VALUES DElERMlNED FOR SOME 
SB BENZOIC ACIDS, AND SODIUM CROMOGLYCAT?Z (SCG), AND THEIR 
RELATIONSHIP (EQN. IS), TO THE NUMBER OF CARBON ATOMS OF THE PAIRING 
ION ALKYL - 
Cbromatographic details: stationary phase Spheerisorb ODS; mobile phase methanol-mter (I:l), 
alkyibenzyMimethyl2mmonium chloride (5 10” ma!-&n-q): pH 7.5: 30°C: ffow-rate 20 ml~min+. 

Function Pairing ion aikyl chtzin length Regression coeflcienfs 

8 IO I2 ZB 16 
- (eqn. Is) 

al r 
K t K T K t K T K t 

4 

ENO, 0.60 0.18 1.00 0.20 1.82 0 16 3.09 0.17 5.89 0.24 0.12 -122 0.999 
3-CH, 0.71 0.25 1.10 0.24 I.95 0.19 3.39 0.21 6.17 0.26 0.12 -1.12 0.999 
3-Cl 1.38 0.54 1.95 0.49 3.24 0.41 5.01 0_40 10.7 0.50 0.11 -0.78 0.990 
H 0.40 - 0.63 - L26 - 209 - 338 - 0.12 -1.36 0.998 
SCG 0.51 1.23 4.47 10.7 0.23 -212 0.997 

retention is not. The relationship between pairing ion-alkyl chain length, n, and solute 
capacity ratio is given by eqn. I5 : 

logrc=a,nfbj (13 

where a and 6 are the slope and intercept coe&ients for solute j. The data has been 
analysed according to eqn. 15 by linear regression and it is shown from Table III 
that the slope coefficients for alI the benzoic acids can be given by 0.12 5 0.03 
standard deviations. This is the contribution each pairing ion methylene unit has 
towards changing solute capacity ratio under the conditions stated. It has been 
demonstrated previo~sly’~ that the pairing ion methylene group contrikktion is 
dependent upon the charge of the soiute reflecting the stoichiometry of the ion-pair 
interaction. Table III gives the regression coefiicients according to eqn. 15 for the 
dianionic carboxylic salt sodium cromoglycatelo, and shows that the pairing ion 
methylene group contribution is twice that for the benzoic acid solute under the same 
conditions, indicating a 2:l interaction occurring. When one considers both the 
stereochemistry involved and the fact that under these conditions only ca. l-2% of 
the stationary phase surface is covered wi*& adsorbed surfactantlO, this can only be 
rationalised in terms of an ion pairing in the mobile phase. 

The effect of altering both pairing ion chain length and concentration has been 
examined using 3-nitrobenzoic acid (Fig. 6) and sodium cromoglycate (Fig. 6, ref. 10) 
as model solutes. over the experimentally accessible pairing ion concentration range 
(due to akylbenzyidimethyIammonium chIoride solubility), and using methanol- 
water (40:60) as the mobile phase, a hyperbok relationship between K and [Xl can 
be described. Data have been analysed for K1 and KS using eqn. 9 transformed into 
the form of a hyperbolic relationships, Le. 

K = (K’ f K,K,CxJ) (1 i &1x4)-’ (I6) 

The appropriate ion-pair tbrmation, K,, and distribution, &, constants are given in 
Table IV. Fig. 7 gives plots of KS VERSUS pairing ion chain length, n, for the mono- 
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L 

100 

53 

10 

I I I 

10 12 14 

n 

Fig_ 6. EKect of pairing ion cbair&ngtk and concentration on the cqxxity ratio of 3-nit&benzoic 
acid. Chromatographic conditions: stationary phase ODS Hyped; mobile phase methanol-water 
(4x5), &kylbenqHimetkyIan~~~oni~ blotides @omologue number given next to each data lie), 
K2HP04 (2.5 lo-* mol-dm-3, pH 7.5, 30°C. 

Fi. 7. Ion-pair chromatographic distribution values, K& versa9 pairing ion alkyl chain length R 
plotted on log-hear cao~~ where KS has units of rx~ol-~-dm~. Closed points refer to the 
dianion sodium cromoglycate ‘9 Ckromatographic conditions: Spherisorb ODS; methanol-water 
(1 :l). Open points refer to 34tmbenzoic acid, ckromatograpkic conditions as for Fig. 6. Slope co- 
eEcients are given next to each data line. 

and diauiouic solutes. It is seen that the dope coefficieut for sodium cromoglycare is 
approximately twice that for 3-uitrobenzoic acid. (Although the slightly different 
methanol compositions used to obtain the K3 values would affect the absolute values 
of KS the slope coefficients should be unaltered.) The distribution coefEcients, K,, 
behveen water and chloroform for alkyibenyldimethylao~~~romo~y~te 
(2:l) ion association species have recently been determined by UP, and eqn. 17 
shows that these ion-pair bulk phase liquid-liquid distribution constants are linearly 
refated to the chromatographic distribution constants, viz. 

KS = 7.3X, t 23.5 la=3 r = 0.999 (17) 

The excellent agreement between the two and the slope coefficients of the plots given 
in Fig. 7 further reinforce the arguments based on the meaning of the slope coefficients 
of eqn. 15 (Table III) that ion-pairing in the mobile phase followed by distribution 
to the stationary phase is ffie do minant retention mechanism. The assumption made 
in generating KL and I& from the data given in Fig. 6 concerning omitting low pairing 
ion concentration is seen to be justified by examination of Fig. 8 which is a normalized 
plot to test for the quality of the data fit of eqn. 16 in terms of K,, K3 and [xl describ- 
ing a hyperbolic relationship passing through the ++I_ 
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Fig. 8. Plot of normal&s capacity ratio (ordinate) venm norrnaked pairing ion concentration 
(2bsciss2) for the data given by Fig. 6, aozording to eons. 9 aud 16. Theoretidy the relationship de- 
scribesaTeaanguIarhype~lapassing~ugh~eoriginandthisisthecasefortheaboveillu_ 
strating tlh3 good quality of fit of data. (Numbers refer to pairing ion chain length). 

It is extremely interesting that the ion-pair formation constants (Tables II 
and IV) are largely independent of solute hydrophobic&y and within limits, appear 
to be dependent upon the magnitude of the electrical charge. Ion-pairing in water 
between large organic ions can be shown 36*39*40 to be reinforced by hydrophobic 
interactions, such as envisaged by Diamond”, so it must be concluded that in the 
present systems the high percentage of organic modifier in the mobile phase tends to 
blur this dependency on water structure effects. 

Organic modijier 
Ion pairs formed in the systems under study although large (mol. wt. > 400) 

and hydrophobic still retain some poiariw’, and sisce liquid-liquid distribution of 
ion pairs is described better in terms of specific solvate formation rather than reg&r 
solution behaviouP3, it is seen that alteration in mobile phase composition should 
cause a complex alteration in both rerention and selectivity. Using methanol as the 
organic modifier (34-60°~, ODS Hypersil as the stationary phase, with a fixed tetra- 
decyibenzyldimethylammonium pairing ion concentration (5 - low4 moi - dmq3), and 
at pH 7.5 (KJ3P04 buifer, 0.025 mol.dm-3 the retention behaviour of a series of 
ten substituted benzoic acids has ken determined (TableV). Fig. 9 shows *hat although 
there is gaerally a linear relationship between t and methanol concentration over the 
studied range, for the strongly hydrogen bonding hydroxy substituents non- 
linearity is exhibited. 

Group contribution data has been analysed using linear free-energy relation- 
ships with respect to methanol percentage composition (eqn. IS), and at each metbanoi 
composition with respect to 56 (eqn. 19). The forms of these equations are given below 
and the regression coefIicients are given in Table V together with appropriate statistical 
information, i.e. 

z= c[organic modser] + d (18) 

r=ezff (19) 
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TABLEV 

CAPAClTY RATIOS AND GROUP CGNTRIBUTION VALUES FOR SOME Sm 
BENZOIC ACfDS WITH CEUNGE IN MOBILE PHASE METHANOL PERCENT COMPOSE 
TION; REGRESSION COEFFICIENTS FOR GROUP DATA ANALYSIS ACCORDING TO 
EQNS. 18 AND 19 
Chmmatogmphic de-tails: stationary phase Hype~5.I ODS; mobile phases methanol-wzder, tetra- 
decyibenzyMmeffiyIammonimn chloride (5 lo-‘ mol-dm-3), K&iPO. (2. IO-* mol-dm-31; pH 7.5; 
3OT 

Fmction Mobile ptke percent metfzud ccmtpsi~ian (by vobane) Regression coefieients 

60 50 40 34 
according to eqn. I8 

C c? r 
K 5 K T K T K T 

3-GH 0.69 -0.26 1.91 -0.30 5.50 -0.24 15.1 -0.18 

4-08 0.51 -0.38 1.10 -0.54 282 -0.53 6.76 -0.54 

3-N& 0.45 -0.45 1.00 -OS8 234 -0.61 4.57 -0.71 
B-NH, 0.32 -0.59 0.68 -0.75 1.38 -0.84 224 -1.01 

3-NO1 1.70 0.13 6.31 0.22 18.6 50.1 0.33 
4-NO2 1.66 0.12 5.62 0.17 17.0 :z 44.7 0.29 

3-a 3.16 O-41 13.5 0.55 43.7 0.66 125 0.74 
4-Cl 2.95 0.38 12.9 0.53 42.7 0.65 125 0.74 

3-C& L19 0.24 8.13 0.33 22.9 0.38 64.6 0.44 
4-c% 214 0.23 7.59 0.30 21-4 0.35 64.6 0.39 

H 1.26 - 3.80 - 9.54 - 23.4 - 

RegresSon coefficients accords to eqn. 19’ 

-0_003 -0.10 0.72 
oJm6 -0.75 0.81 

0.010 -1.01 0.97 
0.015 -1.49 0.98 

-0.008 0.59 0.99 
-0_007 0.51 0.99 

-0.013 1.17 0.99 
-0.014 1.20 0.99 

-0.fJO7 .0_69 0.99 
-o_ao6 0.59 0.99 

e O-45 0.60 0.68 0.76 
f 0.02 O-04 0.09 0.11 
A- 0983 0.976 0.977 0.978 

- Using 5L values from ref. 19. 

Fig 9. RcIationship between T and percent composition of met&no1 for benzoic acids. Chromate- 
graphic conditions: stationary phase ODS Hype&; mobile phase merhznol-water, tetrakcylbernyl- 
dim&hyhmmoni~m cfiloride (5lo-* mol-h-3, &HPO. (2.5lo-’ mo!-dm-3); pH 7.5; 30°C. 
KeyasforFiiZ 



The perturbation of the linear relationships given by eqn. 18 by hydroxyl groups is 
. . . 

nusumxd using eqn. 19,. as shown by the found correlation coefhcients (‘Table v). 
The good fit of.the data by eqn. 19 sue that published functional group hydro- 
phobic&y parameters, (z-g. ref. 43), can be used to indicate phase selectivity in ion-pair 
chromatography between solutes differing by one functional group, (as is often so 
in drug stability and metabolism studies)_ Alternatively, RP-EiFLC using surface 
active pairing ions may be used to generate a data bank of hydrophobicity parameters 
for use in, for example, drug design mode&?. 

Although the use of extra-thermodynamic linear free-energy relationships can 
provide a semi~mpirical approach for definin g retention behaviour in ion-pair 
systems, it reveals little of the reasons why group selectivity changes with alteration 
in organic modifier type or concentration. To attempt to study these reasons, the 
capacity ratios of a series of I,3,5+triazines have been determined (Table VI) using 
methanol (30-96 “A or acetonitrile (20-96”h as the organic modifier. The triazine 
series was chosen because of (a) their known physico-chemical propertiesto, (b) 
availability of very polar (e.g. SO,NE&) and hydrophobic (e-g_ O-n-C&,) analogues, 
and (c) their retention behaviour generally permitted a wide range of organic modifier 
concentrations to be studied_ Table Vi and Fig. 10 show that over a large organic 
modifier concentration “rhe relationship with h’ is non-linear. This is particularly 
true for acetonitrile. Fig. 10 shows that log K falls rapidly between 20 and 40% aceto- 
nitrile followed by a plateau between 40 and 70% acetonitrile, followed by another 
fall at higher concentrations. These effects are less pronounced for very hydrophobic 
analogues. A comparison of the effects of acetonitrile and methanol on the retention 
of the parent triazine molecule is given by Fig. 1 la, which shows that below 70% 
organic modifier, retention is greater with methanol-water mobile phases compared 
to acetonitrile-water phases_ The opposite is found above 70% organic modifier. 
Similar effects are generally found for functional group values as shown by Fig_ 12. 

An indication as to the dominant feature controlling selectivity and retention 
in ion-pair RP-EZPLC systems using water-methanol and water-acetonitrile mobile 
phases, can be gathered from Fi,_ = 1 lb which shows the relationship between surface 
tension, y, and percentage organic modifier_ The marked similarity between the two 
curves shown and those given in Fig_ lla is augmented by the crossover in both 
curves being at ca_ 70% organic modifier. 

Applications+ of solvophobic theory” to RP-HPLC of union&d soluies, 
and the experimentally observed chromatographic behaviour of weak acids with 
water-methanol and water-acetonitrile mobile phases, shows that the relationship 
between retention and elnent surface tension (for these eluents) may be given by 

InK=g+ 
NAA + 4.836N”” (k= - 1) vu3 

RT Y (20) 

where g is a constant; N, R, T and V are Avogadro’s number, the gas constant, 
absolute temperature and average molar volume of the mobile phase, respectively; 
dA is the relative surface area of the solute moIecuIe in contact with the stationary 
phase, and can be indicated by molecular surface area45; and _P may be defined= as 
the ratio of the energy required to create a cavity for a solvent molecule to the energy 
required to extend the p!anar surface of the solvent by the surface area of the added 
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I 

20- 

OS- 

o- 

I I I I I 

20 43 60 80 0 50 75 la0 

z- % a&?zaliicModdier 

Fig. 10. Relationship between log K and percent acetonitrile mobile phase composition for some sub- 
stituted 1,3,5+triazin~ UabIe VI). A-E refer to the 3SO,NH,, 4-NHCOCH, 3-N(CH&, 3-C(CH& 
and 3-O-n-cpH,9 substituted t - -. T, respectively 

Fig. 11. Relationship between percent organic mod&x composition and (a) log capacity ratios for 
unsubstituted 1,3,5-S-triazine, and (b) mobile p&se surface tensions (y). Open and c!osed points refer 
to methanol and acetonitrile organic modifier, respectively. 

CL%- 

r 

o-4 

_ \ 

0 

O- Sk 
0 25 50 75 7 

S~hfCCE65 

0 

Fii- 12. Relationship between 3_c<CH& 7 vdue~ (tdzine series) and percent organic modifief corn- 
position. Key as for Fig_ 11. 

solute molecule. By application of the group contribution approaih (eqn. I) to the 
relationship given by eqn. 20, we may obtain 
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For methaaol-water or acetoniEriIe-waEer mixtures the term g in eq~. 20 is largely 
reMed EO Ehe van der Waals compoixent of Ehe free-energy of interaction of the solute 
with the solvent, which can be given bydGH/15.T(eqn. 46, ref. 25). This wiJl change 
with change in organic modifier composition, hence eqn. 21 needs to be mod&d fo 
include this function so th& in group terms: 

where the term (&II - AAL) is a group constant describing the e&ct of a substituent 
in altering the surface contact area of the solute with the stationary support. 

The data given in Table VI have heen analysed using eqn. 22 and presented 
graphically by Figs. 13a and 13b. Eqn. 22 and Fig. lib show that in ion-pair IZP- 
HPLC using surface-active pairing ions, there should be a linear relaEionship between 
t and y, and that for water-methanol and water-acetonifxile eluents the relationship 
should converge at t = 0 and y .w 21 and 29 mN -m-‘, respectively, with intercepts 
equal to d(bG&I~/2.3RT. Fig. 13a and b show both the premise and the prediction 
to be correct. These results impIy that both ion-pair formation and distribution to the 
stationary phase are affected similarly by changes in surface tension. Literature 
vah~es~~~’ of surface tensions have been used in this study, and hence the linear 
relationships between t and y show that the effect of buffer salt md added surfactant 
on y is constant over the organic modifier concentration range examined. HOWeVer, 
there will be akerations in y due to btier At, surfactant and solute; this could 
explain the small displacements of the t verxvs y plots seen for some substituents 
(Fig. 13). 

Fig. 13. ReMkmships be%- T and mobile p&se surf- tension e) using (a) methanol aad (b) 
acetonitrik as the organ&z modifier_ <3uomatographic details given in Table VL SuHtient key: & 
B, D as for Fii- IO, F-K are 3-04l-C& u, 34%~ 3-Z&, 34OGEis, ~-KH&YIKzIYI, =d -3. 

Bpc&fe& txIz&enti pfots have been or&ted for crarity ptlrpcas. 
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These results add testimony to the usefumess of nsing sofvophobic theory to 
rationahse sohlte retention in RP-HPL~*=*~, and from a pragmatic viewpoint show 
that group sekctivity in ion-pair systems using surface active pairing-ions could be 
estimateds~fl for different mobile phases using surface tension vahEs, although for 
multi-component eluent&‘5 the lack of literature y values would make this tedious. 

Operationally, column efikiency in ion-pair RP-HPLC is c3fkted in a cornpIe 
way by altering mobile phase organic modSer composition and concentration. There 
is an apparent relationship between reduced plate height at various percent organic 
modifier concentrations and eluent viscosity”, and we are currently investigating this 
phenomena more thoroughly. 

A priori the results found in the previous section suggest that any increase in 
surfaoe tension would increase both retention and group selectivity. An increase in 
ionic strength causes the surface tension of akohol-water mixtures to rise indicating 
ariseinnwitllin~ g ionic strength. Results in this present study and those given 
elsewhere5~8~u~31~S are to the contrary for ion-pair systems. Fig. Ma and b show the 
relationships between capacity ratio and ionic strength for the benzoic acid solute 
series using either potassium nitrate or dipotassium hydsogen orthophosphate to 
adjust the ionic strength_ 

Q 
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0. 
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p mddn? 
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Fig. 14. Relationships be.tm%en reciprd capacity ratios for bznzoic acids and ionic s&en&h using 
(a) -KNOX and (b) K&Il?04 zs tit. Chromatogzphic conditions: stationary phase Spkrisorb ODS; 
mob& phase acetoni~water (2~9, terc?ecyibemyIdimethykmmonium chtoride (35 IO’* mol- 
dm-3, salt; pE 7.5 (adjusted by dropwise addition of either NaOH or HCl; 30°C. Key as for Fig. L 

The results can be explained empirically by recourse to the presumed retention 
model. We have showsP9 that transfer of cromoglycate ions as ion-pairs with all@- 
benzyldime~bylammonium ions from water to chloroform is reduced markedly on 
the addition of smah amounts of NaCl (O.OGO.06 mol-dm-3), and that this is related 
to a reduction in the association constant between the two ions50, due to shiehling of 
the ions’ charge centers(‘. If this is the case for the systems under study then t should 
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be independent of ionic strength; Fig. 15 shows this to be the case using KNO, as the 
added salt at the connations of salt generally found in HPLC analyses. (A similar 
insert&iv@ of t for ionic strength can be determined from other reported studies, 
e-g_ ref. 5)_ The addition of salt can alter ion-pair equilibria in other ways4. Added 
salt can compete with the pairing ion in forming ion pairs with the solute ion, or con- 
versely it can form ion pairs with the pairing ion so reducing the tbermodynamk 
activity of the latter, and these effects are probably reflected by the non-linearity of 
the cc-* vers~.~ p plot found using high ionic streqths with KM,pO, as added salt 
(Fig. 14b). 

Q2- 0.e 

t -I 
0 u 

0 
lJ5 

r 

Q2- 

1 
I. 

F= 15. EEect ofiooic stxngth &) of mobile phase onz for berm& acid substituents. Conditions and 
key as for FG. 14+x. 

F=- 16. Van ‘t HOE plots for benzoic acid substituents showing t verse reciprmd temperature, Tsl 
(“IQ. Cbromatogcaphk conditions: stationary phase Spherisorb ODS; mobile phase acetonitrik- 
water (233). texdecylbeozyklimethy!ammohylammonium chloride (51W4 mol-drn-3), K&lPO, (2S-1O-2 
mol*dm-3, pH 7.5. Key as for Fii. 2. Coincidental plots have been omitted for clarity pusposes. 

The effect of temperature on retention in ion-pair HPLC is reported generally 
in qualitative terms (e.g. ref. 29) and there have been only a few instance3*51-52 where 
detailed studies have been made, although it is often shown that an increase in tem- 
peratrrte will improve peak shape and shorten retention times. 

h LC solute distribution from a mobile to a stationary phase is exothermic, 
that is, an increase in temperature causes a fall in retention. This is a particularly~ 
intriguing observation for RP-LC since thii is presumed to be effected by the same 
physicochemical equilibria which are responsible for the hydrophobic process, (a 
process regarded= as being entropically driven and endothermic, that is, a positive 
AS and dH). Over the normally accessible temperature range retention can be-re- 
la&F” to temperature by a modified Van% Hoff equation, viz: L 



218 C. M. RILE&‘, E TO=ON, T- M. EFFEREs 

whered Ro ad ds0 are the standard enthalpy and entropy change for solute transfer 
to the stationary phase. The last term in eqn. 23 is difiicult to determine for brush-type 
reversed-phase packings, however, uskg a group contribution we obtain 

4ANo) 
==- 2.3RT 

,A(dso) 
2.3 R (24) 

Fig. 16 shows V&t Hoff plots according to eqn. 24 for functional groups derived 
from benzoic, phenylacetic and cinnamic acid solute series_ Although solute enthalpy 
terms are all negative for these series (Table WI) the groups contribute exotbermically 
or endothermically to the transfer- Entbalpy values for other ion-pair HPLC systems 
can be calculated or obtained from the literature and range from CQ. - 16 to CQ_ -35 
kJ-mol-x for amino acid soluteS using alkylsulphate as pairing ion, to CQ_ -60 to 
-90 kJ-.m01-~ for anionic dyess’ using small alkyknmonium pairing ions. These 
values, and our own are generally higher than those reported for comparable non- 
ion-pair HPLC systems (e.g. reffs_ M-59). 

TABLE VII 

FUXCTIONAL GROUP EWTHALPIC CONTRIBUTIONS AND T VAJXES AT THE 
HARMONIC MEAN TEMPhATuRE DEERMINED FOR BENZOIC ACIDS 

Chromatographic details: stationary phas Spkisorb ODS; mobile phase aceto&rik-water <1:4), 
terdecyibenzyIdimethyhmmonium chloride (5- lo-’ mcl-dnrs); &HFQ (2.5 lo-’ mol-dm-3; 
pK 7-S; fiow-rzte 1s ml-r&r’; temperature range lS.S-E0S”C 

Fkncriofz g&J.. A(AP) (W-muI-‘) 

3-OH . -0.38 4.8 
4-QH -0.61 7-2 

2-NHZ -o.oQ -28 
4+% -0.77 14.0 

2-NO1 -0.18 7.6 
4-NO1 0.32 39 

E -0.05 0.66 -83 10.0 

z -0.06 032 -5.6 13.2 

CH=CEi’ 0.40 -3.0 

b.KXliG acid (PO = 11.0), f?H’= = -34.5 kJ-.rn~l-~. 

* ciic tid_ 
** fSxtrapolated values fmm Fii 16. 

LefEer and GrunwaId= have shown that to identify a single mtxhanism of 
interaction for a series of soolutes if AH and AS are approximated as being constant 
then CYAN should be simply proportional to 6AS (where 8 denotes a change caused in 
the tkrmodynamic parameter by a medium efkct, or, as is the case for tbis present 
study, by a change in substituent). O&ers ho.61 have shown, however, that this extra- 

I. . . 
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thernmdynamic” analysis of enthdpy*ntropy data can lead to artifacfs caused not 
by true compensation between the two but by statistical e&cts. Accurdingiy the data 
in this present study has been anaiysed by a method fkst applied to non-ion-pair 
RP-HPLC systems by otherPS such that in group contribution terms we may write: 

=r__ Awn - 
2.3 R (25) 

where T is the harmonic mean of the experimental temperatures studied; hence t-= 
are group values obtained at this temperature (which for the present study is taken 
as 40°C) by linear extrapolation of the data in Fig. 16, (using harmonic mean tem- 
perature data minimkkg statistical compensation behaviouP@). fi is a proportion- 
ality factor as defined by Leffler and GrunwaldZL, and having the dimensions of 
absolute temperature has come to be termed the “compensation temperature” such 
that near temperature p the free energy of the process is largely unafkcted by tem- 
perature due to changes in AH being compensated for by changes in AS. 

-08 

I I I 

-10 4 0 5 10 

AbH mtm? 
5 

Fig. 17. Eoth&y-er&opy compea.sation plot (tr_ddH coordinates) for benmic acid substituents 
derived from barmooic mean tempemture vakxes (Table VIE). Regression line shown is acuxding to 
eqn 26. Chmmatographic conditions and key as for Fig. 16. 

Fig. 17 is the appropriate compensation plot for functional groups determind 
in an ion-pair RP-KPLC system. The relationship is given by eqn. 26 (where the 
2-substituents have been omitted) 

t= = -O.O68A(AH”) f 0.043 n=7 r = 0.976 (26) 

which corresponds to a compensation temperature of ca. 770°K. The good fit shown 
is indicative of a common retention mechanism and supports the arguments given in 
the preceding sections. (It is useful to note that compensation behaviour has been 
show#‘@ recently for complexation between large organic ions of opposite charge 
in water). 

For neutral solutes in RP-HPLC we have demonstrated5J*S a similar relation- 
ship to eqn. 24, i.e.% 

t= = -0.0764dHO) f 0.02 n = 28 r = 0.931 .. (27) 



The data nsed to generate eqn. 27 was taken from the retention bebaviolv of iO0 
substituted alkyh~~2~oates determined in octyl and octadtiTl RP systems using water- 
metbanoi as the mobile phase- The similarities between the regression coeEcients of 
eqns. 26 and 27 indicate that the relationship is a general one for RP-HPLC using, 
at least, water-methanol and water-acetonitrile mobile phases. Although the pre- 
dictive ability of those equations will be interesting to determine, it should be real&d 
that d(AHo) vaiues are larger than those generally found in adsorption RP-HPLC, 
and must reflect the two-stage mechanism of retention. 

Since -dues oft decrease with increasing temperature, in terms of selectivity 
there is no advantage in raising temperature, &bough in common with other workers 
for this present study we have observed a reduction in ‘&e reduced pIate height with 
a temperature increase by a factor of c(z. x 3 with a 40°C increase- This can be 
rationaked qua!itativeiy in terms of temperature effects on the viscosity of water- 
methanol mixtures63. Interestingly Laub and PusneW have analysed the ion-pair 
tempemtnre ckta of Kmak Ed aI.5 in terms of optimal operational selectivity regions 
and fkd that these are achieved at i5”C. An analysis of the preseat dzta in tern of 
the approach of Laub and Purnell, (possibly modified to beiig multivariate), should 
prove interesting. 

Siatiom2ry phase material 
Of concern to us during this study has been the quality and properties of the 

stationary phase material used, particularly with regard to the reproducibility of t 
values with Merent stationary phases and the ethos of the predictability of the group 
approach. To assess the cbromat~:~pbic properties of packing materials the reten- 
tion and group selectivity behaviour for model solutes of five commercially available 
chemical bonded stationary phases have been studied. To assess the potential adsorp- 
tion power of residual s&no1 groups of these phases, the retention behaviour of 
nitrobenzene has been determined using dry n-hexane as mobile pbase6s. Table VIII 
shows that sikmization reduces the adsorptive power of the silica sufiace almost 
completely (with n-hexane the steric nature of the a&y1 brush in limiting adsorption 
is slight since K for nitrobenzene on Spherisorb ODS is less than on Par&l CDS-2, 
despite the latter having a much higher carbon loading). 

Tabie VILI includes the appropriate group t values and parent K values for 
substituted benzoic, phenylacetic and cinnamic acids, determined using tetradecyl- 
ben.zzkiimethyIammonium as the pairing ion, and aqueous-methanol mobile phases. 
The retentive power of the stationary phases is tanked as Partisil ODS-2 > Hypersil 
ODS > Spherisorb ODS > Spherisorb Hexyl > Partisil ODS, and can be related to 

the carbon loading of the support. It has been demonstrated recently that for neutral 
sohtes in RP-HPLC sekctivity increases. with increasing bonded-phase carbon con- 
tern up to about ISoL, above which it stays approximately GXS&U%. For the present 
study it can be shown (Fi g. 18) that although T is sensitive to percent carbon loading 
this is only sign&ant for polar groups, and for solvophobic functions (positive T) 
the values are relatively invariant_ For the various packings t can be correlated with 
z values aa;Ording to eqn. 19 and derived regression coeficients and statistical infor- 
mation are given in Table VIII. The slope coefficient is a measnre of stationary phase 
selectivity aud depends on carbon loading. The si,g&ficant positive intercept produced 
for the Partisti ODS data can be attributed to the effect of residual hydroxyl groups 
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TABLE WlI 

FUNCTIONAL GROUP BEHAVIOWX FOR BENZOIC ACIDS DETERMINED USING 
VARIOUS ALKYESILICA STATIONARY PHASES 

Packing m&cd Hypenil ODS Spiierisorb Parttil ODS-2 Porti ODS Spkerimrb 
ODS HeWI 

Re&hzlsilolw~gr4ups’ capped Purr capped Present Preset& Copped 
Car&oR coa?nt (%) ** 9.9 5.9 15.0 3.9 
Nirrabmzem behaviocu 0.13 3.1 3.6 5.80 0.56 
(x=) l * 
rm-uai? HPLC’ - - K Tz K T K T II: 5 a 5 

2-oH 
3-oH 
4-oH 

2-NH2 
3-NH, 
&NH* 

2-NO, 
3-NO= 
4-NO, 

2-a 
3-a 

2-cH3 
3-3 
.%CH, 

CHz’ 

CH=CH#’ 

H 

8.5 0.35 5.5 0.30 24.0 0.37 
1.9 -0.30 1.3 -0.34 3.1 -0.52 
1.1 -0.54 1.0 -0.44 2.1 -0.67 

3.1 -0.09 2.8 o.oc 8.3 -0.09 
1.0 z-O.58 0.87 -0-49 1.9 -0.72 
0.74*_ -0,71 0.54 -0.70 1.3 -0.89 

3.1 ~oi9 l-7 -0.19 6-O -0.22 
6.3 0.22 4.1 0.17 15.8 0.19 
5.6 0.17 3.9 0.16 15.8 0.19 

4.5 0.07 2.3 -0.07 8.5 10.07 
13.5 0.55 8.1 0.48 36.3 0.55 
12.9 0.53 7.9 O-47 38.0 0.57 

4.9 0.11 2.7 0.00 11.0 0.03 
8.1 0.33 4.7 0.24 21.9 0.33 
7.6 0.30 4.6 0.22 20-4 0.31 

4.0 0.02 2.8 o_(u) 10.0 0.01 

8.5 0.35 5.1 0.27 21.4 0.32 

3.8 - 2.8 - 10.2 - 

Regression coeficienls for eqn. I8 for 3- a& 4QubsUuemk 
e 0.60 0.52 0.69 
f 0.04 0.02 -0.01 
r 0.976 0.972 0.974 

2.1 0.21 5.2 0.30 
0.65 -0.30 1.4 -0.28 
0.89 -0.17 0.89 -0.37 

1.2 -0.03 2.1 -0.10 
0.46 -0*45 0.89 -0.37 
0.35 -0.58 0.66 -0.60 

1.1 -0-05 22 -0.08 
2.2 0.22 3.5 0.12 
‘0 0.18 3.3 0.11 

1.2 -0.03 3.1 -0.02 
4.7 0.55 7.4 0.45 
4.7 0.55 7.2 0.44 

1.5 Qo6 3.4 0.11 
2.6 0.30 5.2 0.30 
2.6 0.31 5-o 0.28 

1.5 0.07 2.8 0.02 

2-9 0.34 2.2 0.33 

1.3 - 96 - 

0.50 0.46 
0.10 0.04 
0.979 0.972 

l Man~acturer’s description_ 
l * Mobile phase, dry n-h-e_ Capacity ratio on a straight phase silica (Partisil 10) is 6.80. 

l ** Mobile phase, methan&watex (1 :l), tetradecylben&djmethylznrnonium chloride [5-O- lo-’ 
moLdma3, K2HP04 (2.5. 10sL mol.&n-3; pH 7.5; 30°C; flow-rate 20 ml-m&‘. 

’ Phenykcetic acid. 
** arm2unic acid. 

on the t value for the 4-hydroxyl functions. The rank order for the vame of the slope 
coefkients is not the same as that for order of retentive power (Table VIII) in that 
Spherisorb Hexyl is less selective than Par&l ODS whilst at the sane time being a 
more retentive phase. Since for the other octadecyl phase selectivity is proportional 
to retention this means that in ion-pair RP-HPLG the shorter C6 bonded phase is 
less useful than the Cl8 bonded phase in terms of selectivity. 

These tidings and Hennion et al.3 study”, give us confidence in suggesting 
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Fig 18. Effect of octadeql stationary phase percent carbon laadii on T (Table VIII). Key as for 
F+.ii. z 

that T values will be interconvertible for the more modern packing materials having 
surface carbon-coverage of > 10% and no residual silanol groups. The predictive 
relevance of this is obvious. Other workerssJ5~67 have examined retention behaviour 
in ion-pair RP-HPLC using packing materials of diBerent bristle length and although 
it has been argued that bristle length has an effect only on retention and not on 
selectiviw7 these results must be examined in the light of the f%mliugs for ion-pair 
systems preseated here and those of Hetion et alp6 and Cohn et alp8 for non ion- 
pair RP-HPLC which show the effect of carbon loading on selectivity 

CONCLUSIONS 

The effects of environmental and constitutional variables on the retention 
behaviour of functional groups having widely differing character have been examined 
in ion-pair RP-HPLC using large surface active pairing ions. 

Chromatographic group contribution values (r) are found to be directly related 
to liquid-liquid distribution group parameters (z)~, indicating (a) hydrophobic 
effects dominate subsequent to ion-pairing, and (b) that either zz values could be used 
to predict t values, or conversely, the more readily experimentally determined T values 
could be used as hydrophobic parameters, for example, in drug structure activity 
relationship modelli@. 

It is demonstrated that the use of solvophobic ffieoryz4 as suggested by Horvdth 
et n!.” provides a general framework for rationalizing many of the observations; in 
particular, retention has been characterized as due to ion-pairing in the mobile phase 
followed by distribution to the stationary phase, and the observed non-linearity 
between pairing ion concentration and capacity ratio has been analyzed for both ion- 
pair formation and distribution equilibria constants_ The latter are demonstrated as 
being directly related to both SG and bulk phase ion-pair liquid-liquid distribution 
coeflicients36. Mobile phase effects on group contribution values have been related 
dimctly to surface tensions of these aqueous organic mixtures, as predicted by 
solvophobic theory consiclerations. For various stationary phases the elect of carbon 
loading on 7 is found to be significant only for polar groups. All these findings are 
suggested as being usefti for pre&ction of retention behaviour. 
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Similar to non-ion-pair chnxnatographic studies~~~~~ we Gnd that group 
behaviour exhibits enthalpyxntropy compensation behaviour (as determined using 
ASAG cuordktes), suggesting a common mechanism of retention. 

The &dings presented here have be-en reported briefly in a previous com- 

SIlti~tiO~6q. 
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