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SWMMARY 

The retention behaviour of amines was investigated in systems with silica gel 
(LiChrosorb Si 60) as the support and an aqueous phosphate buffer containing or- 
ganic modifiers as the mobile phase. N,N-Dimethyloctylamine and N,N,N- 
trimethyloctylamine were used as cationic modifiers, with 3,5-dimethylcyclohexylsul- 
phate as the ion-pair forming counter ion. Adsorption isotherms were determined for 
the amines used as modifiers_ 

At low concentrations of modifier a monolayer is formed on the solid phase 
and the retention times of the solutes decrease with increasing modifier concentration. 
Higher concentrations give rise to the formation of a multilayer or bulk phase of 
modifier, leading to rapidly increased retention of the most hydrophobic solutes and a 
change in retention order. The hydrogen-bonding properties of the solute seem to be 
of major importance for the retention on unmodified silica, while the hydrophobicity 
of the solute determines the retention to the adsorbed phase of the modifier_ 

INTRODUCTION 

Non-polar bonded phases are commonly applied as supports in reversed-phase 
chromatography but, despite the wide use of alkyl-bonded silica, there is doubt about 
the consistency of the packing material_ Recently, attention has been paid to the use 
of aqueous mobile phases in combination with bare silica as an alternative to the 
chemically bonded material. In such systems, the retention of the solutes seems to be 
due to hydrogen bonding to the silica support, but ionic interaction and partition to a 
stationary phase dynamically coated on the silica may also contribute. 

The hydrogen-bonding properties of silica have been thoroughly investigated 
by Iler IT3 _ Amines are supposed to be bound to polysilicic acid at low pH by a reverse 
type of hydrogen bonding. 

CrotmnenJ*s studied the retention behaviour of organic compounds on bare 
silica and used a retention model similar to that described for alkyl-bonded phases, 
which includes ion-pair partitio&. In a study on the separation of biogenic amines on 
silica columns, Svendsen and Greibrokk’ suggested a combination of two different 
retention mechanisms. 
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Ghaemi and Walls-” used silica dynamically coated with surfactants as 
stationary phases for reversed-phase chromatogaphy. The versatility of this method 
was demonstrated by use of different types and concentrations of modifiers in the 
aqueous mobile phase_ A similar approach was used by Hansen and co-workers”*“. 

In this study_ the effect of organic ionic modifiers and counter ions was es- 
amined in the liquid chromatography of hydrophobic amines on silica using aqueous 
mobile phases. The modifiers were found to compete with the solutes for the available 
capacity of the silica support, but at low concentrations the hydrophobic counter ions 
had very little influence on the retention_ When the mobile phase contained hydro- 
phobic ion-pair fomnng agents -at higher concentrations_ a stationary hydrophobic 
phase was adsorbed on the silica. The degree of coating influences the retention 
mechanism and a change in the retention order of the solute amines occurs. 

ESPERIMEXTAL 

The liquid chromatograph consisted of two Altes solvent-metering pumps 
(Models 100 and 110X). an LDC SpectroMonitor III UV detector, operated at 270 
nm. a Rheodyne Model 70-10 sampling valve with a sample loop of 20 ~1 and an 
Altes Model 421 system controller_ The stainless-steel columns ( 150 x 40 mm I.D.) 
were equipped with Swagelok zero-volume connectors and were packed with Li- 
Chrosorb Si 60. 7 itrn (E. Merck. Darmstadt. G-F-R.). . 

Chemicals alld reagents 
N,N-Dimethyloctylamine (DMOA) was obtained from ICN Pharmaceuticals 

(Plainview, NY_ U.S.A.) and distilled before use. N.N.N-Trimethyloctylammonium 
bromide (TMOA), potassium S.S-dimethylcyclohexylsulphate (DMCHS) and the 
solute amines as chlorides (Table I) were supplied by the Department of Organic 
Chemistry. AB Hassle (Miilndai, SLveden). All other chemicals were of analytical- 
reagent prade and used without further purification. 

Aqueous phosphate buffers of pH 3.2 were used as solvents for the mobile 
phases. Increasing amounts of organic modifiers were added to the mobile phase by 
means of the system controller. Capacity ratios were determined under isocratic 
conditions at a flow-rate of 1 ml/min by repeated injections of the compounds under 
study_ The volume of mobile phase in the column, I/,, was determined by injection of 
mobile phase slightly diluted with water. The temperature was 23’C. 

The columns were stable for several months with unchanged efficiency, indicat- 
ing that dissolution or chemical degadation of the silica could be disregarded13. The 
columns were washed and stored filled with methanol when not in use. 

Adsorbed DlMOA and TkMOA were eluted from the liquid chromatographic 
column with 100 ml of 0.05 L\$ phosphoric acid. The assay of DMOA was performed 
with a Perkin-Elmer 3920B gas chromatograph equipped with a flame-ionization 
detector, as described beforeit. TlMOA was assayed spectrophotometrically by the 
picrate methodis_ 
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RESULTS AND DISCUSSION 

The structures of the compounds studied are shown in Table I. They are sec- 
ondary aliphatic amines used as B-adrenoreceptor antagonists or related inter- 
mediates from their synthesis. 

T_4BLE I 

STRUCTURES OF THE COMPOUNDS STUDIED 
3 

6 

% 

Acebutolol 
Alprenolol 
Sfrtoprolol 
Osprenolol 
Pafmoloi 
H 177Kl6 
H 138:Ol 
H 1631-t 

Propranolol 

0CH,CH(OH)CH2NHCH(CH,)2 
0CH,CH(OH)CH,NHCH(CH3)2 
0CH,CH(OH)CH2NHCH(CH.)2 
OCH,CH(OH)CH,NHCH(CH.)2 
0CHZCH(OH)CH,NHCH(CH,)2 
0CH2CH(OH)CH2NHCH2CH2CH, 
OH 
OCH,CH(OH)CH,OH 

0CH&H(OHlCH,NHCH(CH3), 
I 

Co 00 

OCH, NHCOCHZCH,CH, 
CH,CH =CH2 H 
H CH$ZH,OCH, 
OCH,CH =CH, H 
H CH$ZHNHCOhHCH(CH,), 
H CH,CHNHCONHCH(CH,), 
H CH2CHNHCONHCH(CH,)2 
H CH,CHNHCONHCH(CH,), 

Equilibration of’ coltmm~s 

The adsorption capacity of silica is influenced by organic solvent components. 
such as I-pentanol&, methanol or acetonitrile’, present in the aqueous mobile phase. 
A similar effect can be obtained by adsorption of ion-pairing organic modifiers to the 
solid phases. As a rule the equilibration time is short but is to some extent depend- 
ing on the concentration and the equilibrium constant for the adsorption of the 
modifier_ In our study, constant retention times were normally obtained within 1 h. 
Considerably longer times ( > S h) were needed for systems containing high concen- 
trations of hydronhobic ion-pair formin, Q modifiers_ such as DMOA in combination 
with DMCHS. 

Effect of’ cationic ntodijiers 

The effect of TMOA on the retentions of some of the compounds studied is 
illustrated in Fi,o. I _ The capacity ratios decrease initially with increasing concentra- 
tion of modifier and reach an almost constant level in the region of 0.015-0.03 &I of 
TMOA. On increasing the TMOA content from 0.03 to 0.04 :Lf, an increase in the 
capacity ratios of all solutes is observed_ This effect is obtained only with a hydro- 
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Fis 1. Regulation of the retention by the concentration of TMOX in the mobile phase_ Mobile phase: 
7310X and potassium bromide in a total concentration of 0.04 Af and I- IO-’ A\f DMCHS in phosphate 
btier (pH 22). Support: LiChrosorb Si 60. 

k’ 

Concentcatmn of OMCHS m mobile phase fM-103) 

Fig. t Intiwnce of DMCHS on the retention. Mobile phase: DMCHS and J- IO-’ M TIMOA in phos- 
phate buffer (pH 22). Support: LiChrosorb Si SO. 
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phobic counter ion, such as DMCHS, present in the mobile phase. In this and other 
respects TMOA and DMOA were found to be equivalent. 

The initial decrease in capacity ratios is assumed to be due to competition 
between the modifier and the solutes for the limited adsorption capacity of the solid 
phase. In the region of constant retention, the adsorption sites may be almost com- 
pletely covered with TMOA and the solutes mainly retained by ion exchange with 
adsorbed TMOAi6. The increasing capacity ratios at high concentrations of TMOA 
are probabIy due to the formation of an adsorbed stationary phase of the TMOA- 
DMCHS ion pair to which the solutes are distributed. A further indication of the 
formation of a layer of adsorbed TMOA-DMCHS ion-pair is given in Fig. 2, which 
shows that increasing concentrations of DMCHS at constant TMOA concentration 
(4 - IO-” _M) also give a rapid increase in capacity ratios when the DMCHS concen- 
tration exceeds 8 - 10m3 Ai_ 

Adsorption of DMOA on LiChrosorb Si 60 
The amounts of DMOA and TMOA adsorbed on LiChrosorb Si 60 were 

8 

6 

Concentratwn of OMOA rn mobile phase (M-10*) 

Fig_ 3. Adsorption isotherm of DMOA. Mobile phase: DMOA and 1 - lo-’ Af -DMCHS in phosphate 
b&fer (pH 2.2). Support: LiCbrosorb Si 60. 
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measured in order to elucidate the retention behaviour of the solutes. and the adsorp- 
tion isotherm for DMOA is given in Fig. 3. Buffer solutions of pH 2.2, containing 
0.057 kf dihydrogen phosphate, 0.01 1ci DMCHS and various concentrations of 
DMOA_ were used as mobile phases. The first part of the adsorption isotherm 
(DMOA concentration c 0.02 &I) was evaluated by means of the Lan_gnuir isotherm 
for monolayer adsorption. defined according to 

KOKQS [Q’lm IX-I, 
[QXA1s = i + KQ, {Q-l, w-1, 

(1) 

where [QXAL (mole/g) is the amount of a cationic modifier Q’ adsorbed as an ion 
pair with a counter ion X- on the adsorption sites A,, as defined by the equilibrium 

Q, + X, + -4, e QXA, (2) 

with the corresponding equilibrium constant Kps_ The total adsorption capacity of 
the solid phase_ K, (mole/g), is given by 

K. = [A,] t [QXA,] (3) 

Inversion of eqn. I @es 

1 1 I ---= 
[QXAI, K,&, [Q-l, IX-I, 

-I---- 
* Ko 

(4) 

A plot of l,‘[QXA], KS_ I;[Q-1,. in accordance with eqn. 4 _ gave a linear relationship 
in the c.oncentration range [Q-l, = 0.0015-0.01 :\I (Fig- 4). A monolayer capacity of 
l.S - lo-’ mole/g was estimated from the intercept. the magnitude being similar to 
that reported by Crommen’ in adsorption studies on Nucleosil 100. A value of Ko, 
[X-l, \vas calculated from the slope of the line (Table Ii). 

The second step in the isotherm (Fig. 3) at [Q-l, = 0.03-0_04 51 indicates 
adsorption of a multilayer or bulk phase of the DMOA-DMCHS ion pair. The 
adsorption of DIMOA-DMCHS cannot be studied at concentrations higher than that 
given in Fig. 3 owin_e to the limited solubility of DMOA in the mobile phase. 

The solutes are assumed to be adsorbed as ion pairs on silica according to the 
same principle as discussed for monoiayer adsorption of DMOA. The competing 
effxt of a cationic modifier Q- on the adsorption of an amine solute HBi is in 
accordance with eqn. 3, given by 

K. = [AJ t [QXAJ f [HBXAJ (5) 

_4n expression for the capacity ratio of the solute, ku,. can then be derived. as de- 
scribed elsewhereJ-6-1* _ _ . gwmg 

L& = 
c?~OKiBS [x -1, 

1 + &s EQ-I, [X-l, 
(6) 
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Fig. 4. Test of monolayer adsorption of DMOA according to eqn. 1. Conditions as in 

0.5 1.0 1.5 20 
Concentration of OMOA u1 noble please (M-IO*) 

Fig 5. EEect of DMOA on the retention_ Conditions as in Fig 3. 
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The term q expresses the ratio of weight (gram) of solid phase to volume (litre) of 
eluent in the column. Inversion of eqn. 0 gives 

I 1 -= 
GtB qKo4il3x Ix- I, 

i KQX [Q-l, 
qKoKu,x 

.~IprcnoIoI 
H I:: 06 
Xcroprolol 
Paiaoloi 
XL~bixoiol 
H 138 01 
H 16’ E-f 
DXl0.A 

The capacity ratios found in retention studies with DMOA as modifier in the region 
of monolay-er adsorption were used in a plot based on eqn. 7, as demonstrated in Fig. 
3. 

The deviation from linearity at low concentrations of DMOA indicates a 
stronger competing effect in this region_ This has been further discussed by Crom- 
men’ as an influence of a second type of adsorption sites with high affinity for amine 
modifiers but with ven low capacity. The influence of these sites seems to be almost 
negligible at concentrations of DMOA > 0.002 M and fairly linear correlations were 
obtained, from vvhich equilibrium constants were evaluated according to eqn. 7. The 
results are given in Table II. 

TABLE II 

EQUILIBRIUM COSST.AKTS FROM RETESTIOX SIXDIES WITH DS¶OX AS COMPETING 
CATIONIC MODIFIER 

Slob& phax O.OO~-0.02 .!I D&IO.4 (Q-) and 0.01 .If DMCHS in aqueous phosphate butfrr. pH 2.2. 
cfHZPOi] = 0.057 .\I). 

* Estimatcj made \\ith q = 573 and K0 = AS- iO_‘. 
=* A- 6 = Equilibrium constant ior partition of ;1 nrutral solutr S bctncen stationary and mobils 

ph.&-. 
*** Estimated from partition stud& by slution of adsorkd DA\lOA (Fig. 4 and eqn. t)_ 

The estimated values of 4, [X-I, are in good agreement with the correspond- 
ing vaIue obtained by adsorption measurement of D_MOA.‘The neutral solutes H 
i3S,Ol and H 162; 13 give considerably lower constants. which indicates a different 
retention mechanism than for the amines. 

Increasing concentrations of anionic counter ions usually give increasing ca- 
pacity- ratios. Hydrophilic counter ions are best suited to regulating the retention by 
monolayer adsorption, while hydrophobic counter ions contribute to the formation 
of a dynamically coated stationary phase. permitting the distribution of the solutes to 
this phase. 



LC OF PHENOXYPROPANOLAMINES 53 

The effect of hydrophilic counter ions in monolayer adsorption is counteracted 
by the presence of even very hydrophilic cations, such as sodium, in the mobile phase, 
as discussed by Crommen 4 The greatest effect was obtained when acids were used to _ 
regulate the pH of the mobile phase, while increasing concentrations of a sodium 
phosphate buffer (pH 2-3) gave decreasing capacity ratios. The competing effect was 
assumed to be due to the adsorption of sodium phosphate on the strongly adsorbing 
sites with low capacity. 

In similar studies with 3 y0 of methanol present in rhe mobile phase, we found 
that the capacity ratios were almost independent of the concentration of phosphate 
buffer. Further, when the influence of the second adsorption sites was eliminated by 
use of 5 - 10U3 &f DMOA as the competing modifier, increasing capacity ratios were 
obtained with increasing concentration of sodium dihydrogen phosphate. Equiiib- 
rium constants for DMOA and the solutes distributed as ion pairs with dihydrogen 
phosphate were evaluated from the linear plots according to eqn. 7. The results are 
presented in Table III. 

TABLE III 

EQUILIBRIUM CONSTANTS FROM RETENTION OF AMINES AS ION PAIRS WlTH DIHY- 
DROGEN PHOSPHATE 

Mobile phase: 0.005 .\I DMOA (Q’) in phosphate buffer (0.057-0257 3f sodium dihbdrogen phosphate). 

Scmple q&KHss x iO-’ A-,, x 10-3 K HBI Y iu-3* 
__ -.__- 

~letoprolol 10.3. 5.5 4.0 
Propl-anolol 5.6 5. I 2.1 
Aiprenolol 3.9 5.0 1.9 

t htimatcj made with y = 519, K0 = l.S- IO-‘. 

The equiiibrium constants K,, of DIMOA and KHBy of aiprenoioi and metop- 
roiol, given in Table III. are of the same magnitude as those obtained in the study 

.with both dihydrogen phosphate and DMCHS present as counter ions (Table II) if 
p-1, is assumed to be equal to the concentration of dihydrogen phosphate_ This 
means that the hydrophobicity of the counter ion is not decisive for the adsorption. 
but the retention rather depends on the hydrogen bonding properties of the adsorbed 
ion pair. 

The absence of additional effects of DMCHS was further seen by constant 
capacity ratios on changing the concentration of DlMCHS within the concentration 
range 0.005-0.05 iti in the presence of 0.002 tCI of TMOA in aqueous phosphate 
buffer. The results are probably due to the binding ability of the dihydrogen phos- 
phate ion pairs being as strong as that of the DMCHS ion pairs. 

Retention on ndtilu_yer coating 
The formation of a multilayer coating by the presence of high concentrations 

of the hydrophobic anion and modifier causes a drastic change in the retention of the 
solutes, as illustrated in Fig_ 6. The magnitude of the capacity ratios on coated silica 
seems to be dependent on the hydrophobicity of the solute and the retention follows 
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SJ=pZr:: SI 60 SI SC RPE 
\‘c”ti,-_r.- T\!GA= i-:c-3~.4 ThlOA=.z-tc-%l DuoA=a-io-3hi 
*_‘C31 e jr.pse: * 3 3 

Fie 6. in!luence of the stntiomr) phase on rersntion. Strtrionar?; phases: 1. LiChrosorb Si 60; 1. TMOA 3s 
ion pair x\i\lth DSICHS on LiChrosorb Si 60: 3. LiChrosorb RP-S. 5lobile phnses: phosphate bufrer (pH 
2.2) with addition of( I) i - IO-’ KThIOh. (1) A- IO-’ _\I TX10.4 and 1 _ IO-’ 31 DSlCHS. (3) S- IO--’ .\f 
DUOA and 0.115 Jf I-penranol”. 

almost the same order as in reversed-phase chromatography on non-polar chemically 
bonded phases’&. A comparison with retention on LiChrosorb RP-S is made in Fig. 6. 

The retention order on bare silica shows that the amines containing oxygen in- 
corporated as O-methyl or urea groups in more than one side-chain on the benzene 
ring are eluted later than the other amines. A similar behaviour was observed by 
Svendsen and Greibrokk’ and may be due to the ability to form hydrogen bonds 
xvith the silanof groups on the silica. as discussed by Iler’-s. 

The phenol H 13SjO1 and the diol H 162/14 show a lower affinity to bare silica 
than the structurally related amines. indicatin g the strong hydrogen-bonding ability 
of the amino group_ 

The different chromatographic behaviour on mono- and multilayer coated 
silica as regards retention order and separation factors gives additional possibilities. 
The composition of the mobile phase may then be adapted to the specific separation 
problem_ In addition to a retention order mainly due to the hydrophobic&y of the 
solutes, difierences in hydrogen-bonding ability can be utilized. An illustration is 
given in Figs_ 7 and 8: showing the separation of the same four components on bare 
silica and on silica coated with a multilayer of TMOA, respectively. 
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Fig. 7. Separation of /J-adrenoreceptor antagonists. Mobile phase: 1.5 - lo-’ M TMOA in aqueous phos- 
phate buffer (pH L2). Solid phase: LiChrosorb Si 60. Flow-rate: 1.0 ml/mitt. Detection wavelength: 170 
nm. Samples: 1, alprenolol; 1, propranolol; 3, metoprolol; 4, acebutoloL Amount injected: 0.5 mole. 

Fig. 8. Separation of fi-adrenoreceptor antagonists. Mobile phase: 4. lo-’ df TMOA and I- lo-’ 31 
DMCHS in aqueous phosphate buffer (pH 2.Z). Solid phase: LiChrosorb Si 60. Flow-rate: 1.0 nil/mm_ 
Samples: 1, metoprolol; 2. acebutolol; 3, alprenolol; 4. propranolol. Amount injected: 0.5 mole. 
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