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SUMMARY 

The retention of organic compounds on silica in chomatographic systems with 
aqueous mobile phases has been investigated. The effects on retention of the type of 
silica and the pH of the mobile phase in the acidic range have been studied. The 
sample behaviour is similar to that observed in reversed-phase systems with an alkyl- 
bonded solid phase. The influence of tke nature and the concentration of the mobile 
phase components on the retention of ionic samples has been examined. A retention 
model based on the distribution of ion pairs to the solid stationary phase is proposed. 
Different methods for the regulation of retention in these systems are given. Nu- 
merous examples of separations are presented_ 

iNTRODUClTON 

Silica gel is widely used as a solid phase in liquid chromatography with eluents 
of low polarity for the separation of various kinds of organic compounds but its 
adsorption properties towards organic samples in systems with aqueous mobile phases 
have been much less studied. 

Ilerl has shown in static experiments that hydro,oen-bonding agents, such as 
alcohols, ketones and amides, and also ammonium ions of different kinds can be ad- 
sorbed on silica from aqueous solutions at pH 2.5. Some batch experiments have also 
been made by Crommen et al.+ which indicate a significant adsorption of quaternary 
ammoniums to silica at low pH. Deviations between found and calculated retentions 
in chromatographic systems with an aqueous stationary phase coated on silica2s3 
give other indications of adsorption of ammonium ions at the silica-water interface. 

Analogous systems with silica immersed in aqueous solutions have been 
studied more extensively with inorganic substances as samples and specially metal 
cations. A survey of this particular use of silica as inorganic ion exchanger is given 
in ref. 10. 

This paper describes studies of chromatographic systems with silica as a solid 
stationary phase and buffered aqueous solutions as mobile phases. The intIuence of 
the mobile phase composition on the retention of organic samples in ionized form 
kas been specially investigated and a model based on ion-pair distribution to the 
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solid phase, similar to that given by S&ill and co-workers~*5, is proposed: Reversed- 
phase systems suitable for various kinds of drugs and related compounds are 
preSentej_ 

Apparatus 
The pump was a Model 6000-4 solvent delivery system and the detector was 

a Model 440 absorbance detector measuring at a wavelength of 254 nm, both from 
Waters Assoc. The injector was a high-pressure valve from VaIco Instruments, with a 
sample loop of lo& 

The columns were made of 3 16 stainless steel and had a length of 200 mm and 
I.D. A0 mm. 

i A Heto Type 02 PT 923 water-bath (BirkerGd, Denmark) was used to ther- 
mostat the chromatographic equipment. 

The pH measurements were made with a Corning-EEL Model 109 digital pH 
meter. 

CkemicaLs mrd reagents 
The chromatographic supports were Nucleosil IO (IOpm) from Macherey, 

Nagel 62 Co. (Duren, G-F&) and LiChrospher SI 100 (1Opm) and SI 500 (1O~m) 
from E. Merck (Darmsrzdt, G-F-R_). 

I-Pe~~+anol and other organic solvents were of pro analysi quality from Merck. 
Camphor-lO_sulphonic acid was obtained from Merck-Schuchardt (Munich, 

G.F.R.). Tetramethylammonium hydroxide (10% soIution) was obtained from Merck 
and tetraetbylammonium hydroxide (25 % solution) from BDH (Poole, Great Britain). 
Tetrabutykunmonium hydrogen stiphate (puriss) from AB Labkemi (Giiteborg, 
Sweden) was used after neutralization with sodium hydroxide. 

Sodium naphthalene-2-sulphonate was obtained from Eastman-Kodak 
(Rochester, N.Y., U.S.A.) Sodium anthracene-2-sulphonate was synthesized ac- 
cording to Lieberman@. N-Methylamitriptyline bromide was synthesized from ami- 
triptyline chloride amrding to Borg’. 

All other substances were of analytical or pharmacopoeial grade and were 
used without further puriication. 

Ckromtograpkic technique 
After packing, the columns were washed with n-hexane, acetone, ethanol and 

water, before equilibration v&h aqueous mobile phase. 
The mobile phases were degassed in an d+-rasonic bath and thermostated at 

the experimental temperature (25.0”) in an air-thermostated cabinet. The mobile 
phase reservoir, the injector and the coiumn were thermostated in a water-bath at 
25.0 f t0.1”. 

The equilibration of the column was usualIy obtained after passage of about 
50 mi of mobile phase. 

No signifuzmt changes in sample retention and cohmm efhciency were 
observed for a long period of time (several months) while using aqueous mobile 
phass with pH ranging from 2 to 5 on silica cohtmns. Before storage, coIumns 
were always re-eq&lib_rated with ethanol, astone and n-hexane. 
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Detennbmtion of the volume of mobi!e phase in the coImn~ 
D3Eeteat samples were tested for the determination of the volume of mobile 

phase, V,, In silica cdumns, using phosphate buffers of pH 2-3 as .mobile phases. 
Inorganic anions, such as nitrate and dichromate, had slightly larger retention volumes 
than water samples in which the mobile phase was replaced by water. The latter 
gave distinct negative peaks with the UV-detector in the high sensitivity range. 

The retention volumes obtained with water samples are in good agreement 
with those obtained on the same silica columns by using n-hexane-1 -butanol(l99 : 1) 
as non-po!ar mobile phase and carbon tetrachloride as non-retained sample. Porosity 
values, calculated from these retention volumes, were in the range 0.83-0.88 for the 
different kinds of silica tested. They are in accordance with the expected values for 
total porosity8 and therefore water samples were used for determination of &, in 
systems with aqueous mobile phases. 

A slight decrease in V, was olxerved when increasing concentrations of 
organic compounds, e.g., 1-pentanol, were added to the aqueous mobile phase, 
which might indicate significant adsorption of these compounds on the solid phase. 
However, no determinations of the amounts of mobile phase components adsorbed 
on silica were made in this investigation. The value of V,,, was controlled by in.ec- 
tions of water samples when the composition of the mobile phase was changed. 

Retention behavioltr 
Various kinds of organic compounds were tested as samples in chromato- 

graphic systems with silica as solid stationary phase and acidic aqueous bufFem as 
mobile phases. Most of them, cationic and anionic as well as uncharged substances, 
were retained in these systems. 

The retention increases with increasing hydrophobic character of the sample: 
the addition of one alkyl carbon gives an increase in log k’ of about 0.2 while the 
increment in log k’ for one aryl carbon is about 0.1. Log k’ decreases by M-Q.4 unit 
on addition of one carboxy or hydroxy group (cf., Table VI). 

These retention data indicate that the sample behaviour is similar to that 
observed in ordinary reversed-phase systems with an alkyl-bonded solid phase. 

It is also interesting that the retention of ammonium ions increases si_@tl- 
cantly with increasing degee of substitution at the nitrogen atom, quaternary am- 
monium compounds being the most strongly retained. A methyl substitution on a 
primary, secondary or tertiary ammonium group gives an increase in log k’ of about 
0.4. 

Type of silica used es stationary phase 

Different kinds of spherical silica microparticles (dp = IOpm) were tested as 
solid stationary phases. Some retention data are presented in Table I, which indicate 
that the sample retention is related to the specific surface area of the silica. 

The separation selectivity does not seem to be affected, however, the retention 
behaviour of widely different kinds of ionic and uncharged species being the same 
with the three solid phases tested. 

A good batch-to-batch reproducibility of capacity ratios was obtained in these 
systems with aqueous buffers as mobile phases. 



708 

TABLE I 

INFJXENCE OFTHETYPEOFSILICA USEDASSTKFlONARlf PHASE 
Mobile phase: phosphate buffer, pH.2.2. Statioky phase: spheric& shaped silica (10~). S = 
specificsu&cearea. 

Nmhsit IO0 LichrarpiLs SE100 Lichrqk SISOO 
[S = MO trclg) bs =2SOdjgl (S=~Ol&fg) 

Benty~c -0.14 -0.23 -0.70 
E&dine 0.18 0.14 -0.32 
Dedpramine 0.85 0.76 0.49 
rmipm 12.5 1.10 0.83 
KaphthaIene-2-sulphonat.e -0.39 -0.43 -0.80 
Tolume - 0.19 0.13 -0.43 

pH of the mobile phase 
The hfiuence of the pH of the mobile phase on the adsorption properties of 

the s&d phase was studied. Phosphate and citrate buEers with sodium as the only 
cation and an ionic strength of 0.1 were nsed as mobile phases- 

As Zlustrated in Fig. 1, a change in pH from 2 to 5 has little irdluencc ozll 
sample retention_ The decrease in the retention of hydrophobic ammonium ions, 
such as desipramine, at about pH 2.8 seems to be reIated to *he change from phos- 
phate to citrate buffer_ This might indicate that usual bufEer components can also bc 
adsorbed on silica and have an effit on retention_ No signikant difZerences in log 
k’ were observed, however, with ies.s retained compounds. 

-1 ’ 

5 i 3 4 5 6 
a:- PH 

phasp icitrate 

Fig. 1. Effect of the pH of the mobile phase on retention. Mobile phase: sodium phosphate or 
citrate b+Ter; ionic s&en& 0.1. Stationary phase: Nucleosil 100 (1Orm). sznipks: 0, desipramine; 
Cl, phenetbylamke; 8, tofuene; I, pbenyklanine; A, napbtbakne-2-sulphonate. 

At pH above 5, an increase in pH gives rise to a drastic increase in the reten- 
tion of cati~nic compounds, probably owing to increasing ionization of the silanol 
groups at the silica surface- Similar observations have been made previously in batch 
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experimeuts~*2. In the same pH range, the retention of anionic samples, such as 
naphthakzte-2-sulphonate, _decre.ases with increasing PH. The same tendency, al- 
though less marked, has been observed with uncharged moh~~les, such as toluene. 
Such a~hehaviom may also be explained by modiiication of the adsorption properties 
of silica owing to the dissociation-of the silanol groups. The retention of the amino 
acid phenyl&nine, which migrates as a titter-ion in thhat pH range, does not seem 
to be a&c&i by pH &ranges in the mobile phase, probably by internal compensation 
of opposing effects. 

Nature of the ionic components of the mobile phase 
The et&t on retention that can be obtained by changing the cationic compo- 

nent of the buffer used as the mobile phase is demonstrated in Table II. A change 
from sodium to different kinds of ammonium ions causes an increase in the retention 
of anionic samples, while the retention of catiouic and uncharged compounds de- 
creases. The concentrations of citrate, taken as buffer anion, and of the accompanying 
cation were kept constant. 

Table II shows that the change in log k’ increases with increasing hydro- 
phobic character and degree of substitution at the nitrogen atom, which indicates 
that the magnitude of the effect is related to the tendency of the cation present in the 
mobile phase to be adsorbed on silica_ The behaviour of sodium seems to be similar 
to that of hydrophilic primary amines, such as tris(hydroxymethyl)aminomethane. 
The most pronounced effect on retention was obtained with hydrophobic quaternary 
ammonium ions. 

EFFECT OF THE NATURE OF THE CATIONIC COMPONENT PRESENT IN THE MOBILE 
PHASE 
Mobile phase: citmte buffer, pH 3.6-3.8. Cations CC*): 1, sqiium; 2, tris~ydroxymethyl)i?mino- 
methane; 3, triethauolamine; 4, hexamethylenetet ramine; 5, choline; 6, tetramethyl~monium; 7, 
tetraetbylammonium. [C+k = 0.1 hf. Stationasy phase: Nucleosil 100 (1OcLm). 

Sample log k 

I 2 3 4 5 6 7 

Naphthalene-2-sulphonate -0.49 -0.46 -0.24 -0.21 -0.14 -0.11 0.13 

Amphetamine 0.21 0.18 -0.15 -0-26 -0.51 -0.55 -1.30 
A&opine 0.78 0.70 0.40 O.U4 -0.u4 -0.60 
Methylatrophe - - 0.73 0.36 0.20 -0.31 
Naphthzlene 0.30 0.23 0.14 -0.07 -o_os -0.22 

Similar experiments were carried out with different anions present as acids in 
the mobile phase. As indicated by pH measmements, the acids tested were almost 
completely dissociated at the concentration used. Table III shows that the substitu- 
tion of inorganic anions for the most hydrophobic anion camphorsulphonate gives 
rise to an increase in the retention of cationic compounds and a decrease in the reten- 
tion of anionic and uncharged substances. 

It can be seen from Tables II and III &hat the retention of ionic samples can 
be increased by ions of the opposite charge, counter ions, (“ion-pairing” effect) and 



Phenylpropmolamke -0.22 -0.21 -0.17 0.16 
Benzylamtie -o_w -O.O!3 -0.05 O-26 
Amphetamhx 0.25 o-27 0.33 0.58 

Adhracm~Z-suIphon -0_02 -0.03 -0.13 -0.40 
Naph&deue 0.48 0.47 0.41 0.26 

decreased by ions of the same charge (“competit;on” effect). The retention of un- 
charged samples can be reduced by both cationic and anionic components of the 
mobile phase, which means that ions and uncharged mokcuks can compete with 
each other for adsorption at the silica surface. 

The investigation was focused mainly on the retention behaviour ofcompounds 
that migrate as ions in acidic mobiIe phases. The influence of counter ions on the 
retention of ionic samples, demonstrated in Tables II and III, might indicate that 
ionic compounds are distributed to silica as ion pairs. The distribution of ammonium 
ions to silica as ion pairs, in acidic media, has aks been suggested by Her’. 

If tie sample ion, Q+, is assumed to be distributed as an ion pair with the 
counter ion, Y-, to the adsorbing surface, the distribution process can be described 
as follows5: 

Qm’fY,-+&=QY-A, (1) 

T+e symboIs m and s refer to mobile and stationary phases, respectively. QY.A, 
rep*rlesznts the ion pair QY adsorbed on the silim surface, where it occupies an area 
&, usually calkd an adsorption site. The equilibrium constant, K&, for the distribu- 
tion of the ion pair QY can be expressed by 

. 

KQY = [Q+,i?;Ft_ [A], (2) 

[Al represents the number of moks of available adsorption sites per gram of solid 
phase. In accordance with the Langmuir model for monolayer adsorption, all of the 
adsorption sites are assumed to be equivalent. 

Other components of the mobile phase can also be adsorbed at the silica 
surface, as ion pairs or in uncharged form, and will compete with the sample Q+ for 
the available adsorption sites. The cation Cf, present in the mobile phase, can be 
distributed to the solid phase as an ion pair CY, which is assumed to occupy an 
adsorption site & If QY and CY are the only adsorbed species, the maximum ad- 
sorption capacity of the retaining surf&e, & (in moles per gram), can be expressed 
by the equation 

%=Vh-f- IQY-NA-KY-A], (3) 
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An expression for the capacity ratio of Q+ can be obtained from eqns.2 and 3 : 

where 4 is the ratio of solid phase to mobile phase (grams per We) in the column 
and K& is the equilibrium constant for the ion-pair distribution of Cf with Y- 
(cf., eqn. 2). Good peak symmetry was obtained in the sample concentration range 
studied. -In this instance, the capacity ratio can be considered as independent of 
sample concentration and the term A&[Q+],-~-]m in eqn. 4 can be negIe&ed5, 
which gives 

. 
QKAY lx-L 

kQ = 1 + &YrcCL-rY-lm i 
(5) 

A similar expression can be given for the capacity ratio of an anionic sampIe X- : 

where C+ and Y- are ionic components of the mobile phase and K& is the equi- 
librium constant for the ion-pair distribution of X- with Cf. 

The infiuence on k’ of the nature of the ions present in the mobile phase 
(~5, Tables II and III) is reflected in eqns. 5 and 6 by the magnitude of the constants 
for ion-pair adsorption QY, CX and CY. 

Ionic strength of the bufir 
The effect on retention obtained by using as mobile phases difEerent dilutions 

of a phosphate bufher of pH 2.2 is shown in Table IV. The cationic component of 
the buffer, C+, was sodium and the anion, Y-, was dihydrogen phosphate at that pH_ 

The differences in log k’ do not seem to he due to the change in pII, as no 
sign&ant influence of pH on retention was observed in that pM range (~5, Fig. 1). 
Eqns. 5 and 6 show that different retention effects can be obtained by the simul- 
taneous change of [C*], and Cy-lm. 

TABLE lV 

INFJXENCE OF THE CONCEEFFRA TION OF BUFFER COMPONENTS 
Mobile phases: 1. phosphate bufFer, pH 2.2, ionic strength 0.1; 2. ZOO ml of mobile phase 1 diluted 
to 1000 ml with water, pH 2.35; 3,SO ml of mobile phase 1 dilated to lQO0 ml with water, pEi 2.7. 
Stationary phase: Nuckosil100 (10 m). 

-0.14 -0.06 -0.02 
PhatethyIimine 0.12 0.15 
Amphetamine 

zz 
0.31 0.34 

Toluene 0.19 0.31 0.32 

Napbtb&sm2_sulphonate -0.39 -0.44 -0.54 



The iogk’ of anionic samples, such as naphthalene-2-sulphonate, increases 
with in creasing ionic streogh d&e buffer, which seems to indicate that the rofe of 
the “ion-pairing” effect with sodium is predo minant in this instance_ cationic sampIes 
do not have-exactly the same retention behavidur, as a decrea& in fog k’ with in- 
creasing ionic strength has been obtained, which indicates a dominating “competi- 
tion”: effect of sodium. j?&a+L, seems to have a predominant infIuence on retention 
in both instan&s. 

The change in the log&’ of ffie uncharged compound tomene with buffer 
concentration indicates that -the influence of the adsorption of inorganic ions on 
the retention of this cornpound is not negIigibIe. 

Concentration of comter ion 
me variation of the capacity ratios of ionic sampIes with the concentration 

of the counter ion present in the mobile phase was studied. 
With anionic samples (X-), the quaternary ammonium compound choline 

was-used as counter ion (C’). Choline was added to the mobile phase as the di- 
hydrogen citrate salt. The concentration of the anion (Y-) was kept constant by 
addition of sodium dihydrogen citrate. By inversion of eqn. 6, the relationship between 
k; and [C’L becomes linear: 

The influence of sodium on the retention of anions cannot be considered as 
negligible, espzcially ‘at low choline concentrations (cf., Table II). If ,ki represents 
the capacity ratio of the anionic sampfe in absence of chobne, a correction to ffie 
found capacity ratio, k;, can be made by the foIIowing equations: 

k = k; - 

where x is the ratio of @la+], at a given {C*L to @Ia*], at [Ccl, = 0. 
A first estimation of K&ly-L was obtained from plots of I/V verslLli I/ 

[C+L (c$, eqn. 7). Only k; values obtained at high choline concentrations (&Z*]m = 
0.05-O.I M) were used in this instance. FairIy straight lines were obtained and an 
approximate value of & [y-], was given by the intercept/slope quotient. This vaIue 
was used to correct k; according to eqn. 8. A better estimation of X&W-L, could 
then be obtained by using the corrected capacity ratios in the pIots. The same opera- 
tion was repeated until a fairly constant value of K&Y-), was obtained. The car- 
rections were less than 10% of ki at [C*l, > 0.05 M but reached 30% at [C*I, = 
0.02 M. 

Some examples of plots of f/k’, rers& l/ICC), using corrected capacity ratios 
are given in Fig_ 2_ Fairly constant X&m-], values (22-27) were obtained for choline 
dihydrogen citrate with different anionic samples. 
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Fig- 2. EEect of counter ion u~ucentration on retention of anions. Mobile phase: 0.1 _&f&rate btier 
pH 3.7; cations, choline (C+) and sodium. Stationary phase: Nucleosil 100 (10pm). Samples: 0, 
napbtb&ne-2-sulphonate; @, anthracene-2-sulpbon2te. 

Similar experiments were carried out with cationic samples (Q+), using 
camphorsulphonate as counter ion (IF). Hi was the only cation.(P) present in the 
mobile phase, and its concentration was kept constant by use of nitric acid. Strong 
acids can be considered to be distributed to the solid phase as ion pairs &ith H+ and 
eqn. 5 can be used to express the relationship between k& and fy-1,. Linearization 
of this relationship is obtained by inversion of eqn. 5: 

Some examples of piots of l/k& versus l/Cy-1, are given in Fig. 3. The e&et of the 
anion nitrate on the retention of the cations had also to be taken into account and 
the found capacity ratios (k,3 were corrected according to eqn. 8. In this instance, 
the factor x in eqn. 8 represents the ratio of PO;],,, at a given Cy-], to wQ&, 
at Ty-]= = 0. The product K&C+&, was estimated by successive approximations 
in ffie same way as for choline dihydrogen citrate, Larger corrections to k: were 
needed in this instance. K&[C+]m values of 30-50 were found for carpphorsulphonic 
acid with different cations as samples. 

The linearity of the plots shown in Figs. 2 and 3 is fairly good and &ves 
support to the assumption of ion-pair distribution in these syst&s. .Tt is obtious, 
however, that further experimenti studies should be made to confirm the validity of 
the retention model. 



Fig. 3. EEect of couzter ion concentration on retention of cations. Mobile phase: camphor-lO- 
s&phonic acid (Y-) + nitric acid, pH 21. Stationuy phase: Nuc!eosii 100 (1Orm). Samples: 0, 
ryramine; *, ~henyIpropaao!amine; 0, amphesarnine. 

Concentration of competing ion 
Eqns. 7 and 9 indicate that it might also be possible to regulate the capacity 

ratio of ionic samples by chapging the conc+ration of the ion qf the same charge 
present iu the mobile phase. .I%$ is demonstrated in Fig%. 4 and 5. 

Fig. 4 shows the infhience of choline contitration ([C’]m) on the retention 
of cations and Fig_ 5 shows the eff&ct of camphorsulphotite concentration (v-]m) 
on the retention of anidns. In both instances, the concentration of the counter ions 
was kept constant by addition of sodium dihydrogen citrate. 

Fig. 4. EEii of c~ncentioon of competing cation on retention. Conditions as in Fig. 2. Samples: 
0, benzykmine; q , amphetzmine; A, naphthalene. 



Fig. 5. Effect of concentration ofcompeting anion on retention. Mobile phase: sodium camphor-lO- 
sulphonate in citrate btier, pH 3.7; ma*] = 0.1 ici. Stationary phase: Nuckosil 100 (10~). 
Samples: 0, naphtha&e-2-sulphonate; 0, anthracene-2-sulphon; A, naphthake. 

The curves in Figs. 4 and 5 show the same tendency, i.e., a decrease in the 
slope with increasing concentration of competing ion. This tendency is especially 
pronounced at low concentrations, the curves approaching linearity at higher con- 
centrations. A possible explanation is the presence of a limited number of stronger 
adsorption sites at the silica surface. When strongly adsorbed compounds, such as 
choline and camphorsulphonate, are present in the mobile phase in sufficiently high 
concentrations, these stronger sites will be completely covered, and the surface will 
acquire a more homogeneous character. 

Fig. 4 shows that the curves are fairly lixar in the choline con&t&ion 
range 0.02-0.08 M. Estimations of K&Y-]_ from the slope/intercept quotient within 
that concentration range gave values of 15-19 for different cationic samples The 
agreement with the K&yY-]m values of 22-27 obtained with anonic samples (cf., 
Fig. 2) in the same choline concentxation range is acceptable. 

K&[C+l, for sodium camphorsulphonate was estimated from the slop/ 
intercept quotient in the concentration range 0.01-0.05 &f. As can be seen from Fig. 
5, the plots are close to linearity in that concentration range. K&C*], values of 
25-30 were obtained. 

Fig. 4 and 5 show that the retention of the uncharged compound naphthalene 
is also i&Iuenced by the concentration of the ionic components of the mobile phase. 

Aalfition of Iipophilic aIcohoIs 
The e&cts on retention of the nature and the concentration of the lipophilic 

alcohol added to the aqueous mobiie phase are demonstrated in TabIe V and Fig. 6, 
respectively. Lipophilic alcohols are strongly adsorbed on silica and they reduce the 
retention of various kinds of sampks. 



EFFECT OF THE N.4TURE OF THE JLIPOPHlJXC ALCOKOL ADDED TO THE MOBILE 
PHASE 

Mdse phase: phoq%ae btrfkr, pH Zt, contaking 1.0% (vjv) of lipophik akohol. Stationary 
pbzse: Ndeosii 100 (10+x). 

-0.38 -0.31 -0.31 -0X 
020 026 OZB 032 

Atropiue 0.23 OK0 0.30 0.34 
0.49 0.59 O-62 0.70 

NzzphW2-suIphoon -0.68 -059 -0.61 -0.55 
Toluene -0.36 -0.B -0.30 -0.22 

TabIe IV shows tkt the “competition” effect of the alcohol increases with 
increasing carbon content and deaeases slightly with increasing chain branching. 

T&e intzucnce of the concentration of the alcohol, P, can be expressed quan- 
titativeIy by equations analogous to eqns. 7 and 9. The relationship between the 
capacity ratio of, e.g., a cationic sampie and the alcohol concentration can be given 
by 

Fig. 6. E&ct of conceatration of lipopbilic alcohol on retention. Mobile phase: &dir% phosphate 
buffer. pR 2.2; ionic strength 0.1. St.&may phase: Nuckesil 100 (1O~m). Samples: 0, pben#- 
Pw?=s23I=ine;e* admcexm2-sulphom; a. ampb,&amine; A. naphtbdene; A, desipramim 
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TABLE vi : -. 

EFFECT OF TEiE 1PENTANOL CONTENT IN THE MOBILE PHASE ON SEPARKk-ION 
SELEtXIVFlX 

Shngde I .. Szmpfe2 I-Pen&noZ cbncenfrafion (%, v/v) 

0 0.05 OJ 0_2 0.5 I.0 I.5 2.0 

Pheaethylamine Amphetamine 0.20 0.19 0.18 0.17 0.14 0.12 0.10 0.11 
Pheay~pmpanolamine Amphetzuaine 0.42 0.36 0.34 0.30 0.26 0.23 0.22 0.23 
Pbenyldaaine Phenethyknine 0.35 0.27 025 0.24 0.22 0.21 031 0.18 
Phenyipropanolamine Ephedrine 0.45 0.43 0.40 0.38 0.34 0.33 0.32 0.31 
Naphthdene+2-suipho- An-e-2d- 0.33 029 0.27 0.2s 0.24 0.22 0.20 0.18 
Itate phonate 

TABLE VII 

EFFECT OF SAMPLE CONCENTRA-FION ON CE-IROMATOGRAPHIC PROPERTIES 

Expc&nent A: mobile phase, phosphate buffer, pH 22.1.6 mm/xc, 7.5 MFa; stationary phase, 
Nucleod 100 (1Opm); sample volume, lo& Experknent B: mobile phase, phosphate bt@er, pH 
22, cmthing 1.5 % (v/v) of 1-pentanol, 1.6 rn&ec, 8.3 MFa; other coditions as in experiment A. 

Phenylpropauolanine 

Phenetbylamine 

Ephedrine 

Desipramiue 

B Amphetamine 

Desipramine 

tipramine 

Oxyphenonium 

0.64 
0.64 
0.62 
1.11 
1.08 
1.04 
1.84 
1.78 
1.68 
6.6 
5.7 
43 

0.40 
0.40 
0.40 
1.09 
1.06 
1.04 
250 
239 
2.30 
72 
6.8 

1.2 0.08 

1’;’ 
O-08 

1:7 0.08 0.11 

z 0.11 0.11 
19 0.11 
2.3 0.12 
2.9 - 
4.9 - 
7.3 - 

10.7 - 

1.2 0.06 
1.1 0.07 
1.2 0.07 
1.3 0.09 
1.6 0.09 
1.7 0.09 
1.8 0.13 
2.2 0.13 
27 - 
23 0.11 
4.2 - 
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where _&, is the constant for the distribution of the alcohol to the solid phase; Fig. 
6 shows plots of l/k’ versus Ipj,, I? being l-pentanol in this instance. The cumes 
have the same shape as those shown in Figs. 4 and 5. 

Estimations of J& from the siope/mtercept quotient were made in the I- 
pentanol concentration range 0.050.15 M. Fairly constant KP values (4-6) were 
obtained with both ionic and uncharged samples. This is a further indication that 
ions and uncharged compounds compete for the same adsorption sites. 

Eflect of mobile phase composition OR chromatographic properties 
Table VI shows that the separation selectivity decmases with increasing con- 

centration of I-pentanol in the mobile phase. The same e&ct was obtained by the 
addition of other strongly adsorbed ionic or uncharged compounds. The higher 
selectivity in the absence of a strongly competing agent might again be due to a 
simmt contribution of stronger sites to retention under these conditions’. 

A comparison of the influence of sample concentration on k’ and peak sym- 
metry, with or without 1-pentanol present in the mobile phase, is given in Table 
VII. In both systems, the concentration elect was very limited at low k’ values. 
With a simpie buffer as the mobile phase, however, the tendency for changes in k 
to occur with changes in concentration increases rapidly at k’ > 5. In the presence of 
I-pentanol, this tendency is much less pronounced_ This favourable effect of l- 
pentanol might be explained by an improvement in surface homogeneity, due to the 
compIete coverage of the strongest adsorption sites by 1-pentanol moleculesg. 

. 

I --9/J 
Fig 7. Separation of adrenergics- Mobile phase: camphor-1Osulphonic acid (O-01. M), pH 2.1; 1.7 
mm/set; 7.7 ME%. Stationary phase: Nuckosil100 <lOpm). samples: 1 = norepfiephrinc bitartmte; 
2 = epkephrine bitartnte; 3 = phenyIeph.rine hydrochloride; 4 = isoproteren~l sdphate; 5 = 

pknylpropanoIamhe hydrochloride. 
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I 0 2 4 6 8 min 

Fig. 8. Separation of biogeaic amines. Conditions as in Fig_ 7. Samples: 1 = dopamine hydro- 
chloride; 2 = tymmine hydrochloride; 3 = tqptamine hydrochloride; 4 = pbenetbyktmiue hydro- 
chloride. 

The rote of 1-pentanol or other strongly adsorbed compounds present in the 
aqueous mobile phase could be compared to that of, e.g., water in systems with non- 
polar mobile phases. 

1 

I 

0 2 4 6 - men 

Fig. 9. Separation of .suIphonamides. Mobile phase: camphor-l(kolphonic acid (0.02 M), pH 1.8; 
1.7 mm&c; 8.4 MPa Stationary phase: Nuckosii 104) (1Opm). Szmpk: 1 = solpb -’ ‘de; 2 = 
sulphadiazine; 3 = sulpbamemzke; 4 = sulpbamethazine. 



0 2 4 mm 

Fg. 10. Separation of amino acids. Caxditions as in Fig. 9. Samples: 1 = tyxnine; 2 = tryptophm; 
3 = phenykdanine. 

1 

-J 1 
L 

0 2 ‘4 6 8 min 

Fig. 11. !bparaGon of carboxylic acids. Mobile phase: tetraeffiy~ti~ hydroxide (0.01 AZ’)- 
citric acid (O-007 M), pH 4.9; 1.6 mm/set; 8.4 MI%. Stztionary phase: N- 100 (~OJU@. 
Smtpksr 1 = geatisicacid; 2 = sakylictid; 3 = bdaoictid; 4 = acetyIs&cyIicadd; 5 = hip- 
pflkacid, 



As showy 21 Table VH, the plate height, I& in these systems corresponds to 

6-13 (r, at a mobile phase speed of I .6 mm/s% 

Ion-@ reversed-phase systems suitable for various kinds of drugs and other 
compounds of biological interest have been constructed. Samples of wideiy different 
hydrophobic character could be chromatomphed with suitable retention on the same 
silica columns by changing the composition of the aqueous mobile phase. 

It has been shown that the retention of ionic samples can be increased by 
addition to the mobile phase of hydrophobic counter ions. This “ion-pairing” effect 
was used to regulate the retention of the most hydrophilic samples. Exampks of 
chromatographic separations of hydrophilic ammonium ions with camphorsulphonate 
as counter ion are shown in Figs. 7-10. At a pH as low as 1.8, the sulphonamides and 
the amino acids ase mainly present as cations in the mobile phase_ The influerice 
on retention of the introduction of phenolic groups is shown in Figs. 7, 8 and 10, 
whiIe the effect of the addition of one methyl group is demonstrated in Fig. 9, by 
the separation of homologous sulphapyrimidines. Fig. 11 shows the separation of 
carboxylates as ion pairs with tetraethylammonium. At about pH 5, however, these 
samples might also be p-y adsorbed as acids. ‘Fhe elution order in Fig. 11 is not 
exactly the same as that obtained in other ion-pair reversed-phase systems5. 

The retention of hydrophobic samples is more conveniently regulated by the 
addition of a competing ion or uncharged compound to the mobile phase. This is 
demonstrated in Figs. 12-16. As shown in Fig. 12, tetrabutylammonium can be used 

t 
o.001 A 

. . * . . . . . . . 9 

0 2 4 5 8 10 min 

Fii_ 12 LSepaldori of tricydic antid epremnts. Mobile phase: te&r&uty~otim hydrogen ml- 
pbatc (0.m A#) ia sodium &rate buEer~ pH 3.7; 16 mm&c; 8.7 -Ml%. Stationary phase: Nuc!emSl 
100 (1Opm). Samples: 1 = nortriptylkte hydrachloride; 2 = amitriptylke hy&ocbloride; 3 = N- 
mettbyiandriptyke bromide_ 



1. 

0 2 4 6 min 

Fig_ 13. Sepamtion of sulphonates. Mobile phase: sodium butanesulphonate (0.01 Af) in .wdium 
c&sate bufkr, pH 3.7; 1_6rmn/sec; 7-7 MPa. Stationary phase: Nuckod 100 (lOp@. Samples: 
1 = sodium thymolsulphonate; 2 = sodium naphthakne-2alphonateate; 3 = sodium amhracene-2- 
sulphoaate; 4 = sodium camphoisulphonate. 

i 
0.001 A 

t * * * - - - * - * ‘. ‘* - 
0 2 4 8 8 10 12 min 

Fig. 14. Separation of anticholinergic%. Mobile phase: sodium @~osphate btier, pH 22, io& 
streng& 0.1. +1.9x (v/v) I-pentzmof; 1.6mm/sec; 7.7 +‘a Statiany phase: mber SI 
100 (1Opm). Sampks: 1 = scopokmine hydrobromide; 2 = a&opine suiphat~; 3 = benactydne 
bydro&Ioride; 4 = adipknine hydrochloride; 5 = methyl&ropine nitrate; 6 = o~onium 
bromide; 7 = oxyphenonium bromide. 
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as competing cation to confer a suitable retention OQ the very hydrophobic am- 
monium ions. Fig. 12 demomtratcs the efF&t on retention of methyl substitutim at 
the-nitrogen atom. Fig. I3 shows the separatioti of hydrophobic sulphonates in a 
system with butanesuiphonate as competitor. IQ Figs. M-16, the retmtion of cationic 
samples is regulated by the concentration of I-pentanol in the mobile phase. Peaks 
6 and 7 in Fig. 14 are closely reelated q&ermry ammoniums with the same number 
of casbon atoms. The presence of two ammonium groups in prochlorperazine (Fig. 
15) and in procaine (Fig. 16) decreases the hydrophobic character of these com- 
pounds. 

I 
a002 A ~0005 A 

I . 

0 2 4 6 8 I0 I2 min 0 2 4 6 8 10 min 

Fig. 1.5. Separation oFphenothiazines. Mobile phase: sodium phosphate btier, pH 2.2, ionic strength 
O-l, +2.0x (v/v) 1-pentanol; 1.6mm/sec; 8.4 MPa. Stationary pkse: Nuckosil 100 (10pm). 
Samples: 1 = procb!orperazine dim&ate; 2 = desmethylcblorpro mazine hydrochloride; 3 = meto- 
pimazine; 4 = chlorpromazine hydrochloride; 5 = levomepromazine m&ate. 

Fig. 16. Separation of focal anaesthesics. Mobile phase: sodium phosphate buser, pH 2~2, ionic 
strength 0.1, tl.O”~ (v/v) l-pentanol; l.Bmm/sec; 7.7 MPa. Stationary phase: Nuctecsil 100 (10 
pm). Samples: 1 = benzocaine; 2 = procaine hydrochloride; 3 = lidocaine hydrochloride; 4 = 
amyfocaine hydrochloride. 

Amounts of sample in the nanogram mge were usually used in the chroma- 
tograms presented in Figs. 7-16. 

ACKN0WLEDGEMEN-B 

I am very grateful to Professor G. S&ill and Dr. K.-G_ Wahhmd of the 
University of Uppsaia for their kind interest in the work and helpful discussions. 
The f&uxiaI support of the F.N.R.S. (Belgian National Fund for Scientific Research) 
is gratefully acknowledged. 



724 ~J.&RQMMEN 

1 R R Ik. in G. Bcndz.&d I. Lindqv& (Editors), &-o&em&~ of Si&m ami R&ted Pro&kms, 
Plenum Press, New York, 1978, pm 53. 

ZJ.tItromn?en,B.Fransso n and G. Schill, J. Chrotmtogr., 142 (1977) 283. 
-3 J. Cron Rcsn Pkarm Srreuia. 16 (1979) 1lZ 
4 G. sctiu .and K_ G_ Wahlund, Z’rm of the 9rti MizteriaZs Resemch Spqw&m, Nzsicmzi 

Bureau of St&&, 1978, in pm. 
5 A. Tilly-MeI& Y. Askema& K. G. Wahlund and G. S&ill, Anal. Ci?em_, in press. 
6C.LieLwa 1 Jmtm Liecigs Amt. Cfiem, 212 (1882) 57. 
7 I<. 0. Bo,rg, Acta Ph. Sue&a, 6 (1969) 425. 
8 P. A_ Brktow and J. EL Knox, Chromarogr~&h, 10 (1977) 279. 
9 L. Snyder, Principles of Adsorption Ctrromaograpfcy, Manx1 Dekker, New York, 1968, ch. 4. 

10 K. K. Unger, Porous Silica. Its Properties and Use as a Support in CoKumn Liqhf Chm- 
mztography, Elsevier, Am&dam, Oxford, New York, 1979, p. 130. 


