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SUMMARY 

The influence of the nature of quaternary ammonium compounds on retention 
in high-performance liquid chromatography on dynamically modified silica was in- 
vestigated. Adsorption isotherms were determined on bare silica (LiChrosorb Si 60) 
for four alkyhrimethylammonium bromides and two symmetrical tetraalkylam- 
monium bromides; each containing 15-21 carbon atoms. It was found that onIy the 
long-chain quatemary ammonium ions are adsorbed on to the silica surface in ap- 
preciable amounts and that the afiinity increases with increasing number of carbon 
atoms in the alkyl chain. The maximum amount that can be adsorbed per gram of 
silica is of the same order of magnitude for each of the four long-chain quatemary 
ammonium compounds. This amount, however, is reached at lower concentrations in 
the eluent the longer is the alkyl chain. 

The retention of five test compounds was determined over the whole concen- 
tration range investigated for each of the modifying agents. The surfactant concentra- 
tion that causes maximum retention for four of five test compounds coincides with 
its critical mieellar concentration_ The retention mechanisms and the influence of the 
type of the modifying agent on selectivity are discussed, and compared with published 
results on related experiments on chemically bonded stationary phases. 
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INTRODUCTION 

The use of bare silica dynamically modified by adding surfactants such as 
cetyhrimethylammonium (CTMAj bromide to the eluent in high-performance liquid 
chromatography (HPLC) has been discussed in recent publications’~‘. It was stated 
that a major advantage offered by the dynamic coating approach over the use of 
chemically bonded phases is that onty slight variations in selectivity for different 
brands of column material occur. 

The aim of this work was to investigate the adsorption of diKerent kinds of 
quaternary ammonium ions on to the silica surface and their influence on the reten- 
tion of various test compounds_ 

EXPERIMENTAL 

_-lpparutr;s 
UV-visible measurements were made on a rebuilt3 Beckman Model DU 

spectrophotometer. 
Breakthrough v-olumes were measured using a liquid chromatogrzaph consist- 

ing of a Gynkotek Model 600 pump and an Optilab Multiref 902 differential re- 
fractometer detector. The detector response and the trace of a I-ml siphon counter 
were recorded on a Kipp & Zonen Model BD-S recorder_ 

Chromatographic testing of the individual systems was performed on a Waters 
Iiquid chromatograph consisting of a 6000 A pump, a 710 A WISP autoinjector, a 440 
ultraviolet absorbance detector (254 run). a 730 data module and a 720 system con- 
troher. or on a liquid chromatograph consisting of an Ahex Model Ii0 solvent 
metering pump. a Pye-Unicam LC-UV detector (operated at 254 nm) and a 
.Rheodyne Mode; 7120 injection valve_ Chromatograms were recorded on a Kipp & 
Zonen Model BD-8 recorder_ Retention data were collected on the Waters 730 data 
moduIe or on a Hewlett-Packard Model 3353 A laboratory data system. 

,?rocedrrres 
Determination of the amounts of quaternary ammonium compounds adsorbed 

on to the column by the breakthrough method was performed as described pre- 
viously’. 

Determination of the surfactants adsorbed on to the column using an elution 
method was performed by eiuting the previously equilibrated column with 100 ml of 
methanol-O.05 &f phosphoric acid (1: 1) Surfactant concentrations were measured, 
after appropriate dilution, using the previously described procedure’, or by liquid 
chromatography using the liquid chromatograph described for the breakthrough ex- 
periment, the LiChrosorb Si 60 column and 2.5 m&-l CTlMA in methanol-water-O.2 
t%f phosphate buffer (pH 6.0 or 5.0) (70:25:5) as the eluent. The resuhs were cor- 
rected for the dead volume of the cohunn_ 

The critical micellar concentrations (CMC) were determined by sohtbilizing 
4,4’-diethoxyazobenzene in the eiuents. By plotting the absorbance at 375 nm of the 
saturated solutions against the concentrations of the surfactant two straight lines can 
be constructed. the intersection of which is equivalent to the CMC. 
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Ail experiments were performed on 120 x 4.6 mm I-D_ columns from Knauer 
(Berlin, G-F-R.), packed by the dilute slurry technique with LiChrosorb Si 60 (5 m) 
(E. Merck, Darmstadt, G.F.R.). The eluent was methanol-water-O.2 A4 phosphate 
buffer (pH 7-S) (50:45:5) with the addition of various kinds and concentrations of 
quatemary ammomum compounds. During chromatography the column WAS guard- 
ed by a silica pre-column situated between the pump and the injection device. Fol- 
lowing each adsorption experiment the column was brought to its initial status by 
eluting with methanol-&OS hf phosphoric acid (1: 1) and furally with methanol_ 

Chemicals 
4,4’-Diethoxyazobenzene was prepared by coupling diazotized 4-ethoxyaniline 

to phenol followed by ethylation using diethyl sulphate; the crude product was re- 
crystallized from methanol-water. Stearyltrimethylammoniurr (STMA) bromide was 
prepared from stearylamine by dimethylation with formaldehyde-formic acid’ and 
subsequent methylation of the tertiary amine with methyl bromide5. Dodecyhrimeth- 
ylammonium (DTMA) bromide and tetradecyltrimethylammonium (TTMA) 
bromide were obtained from Sigma (St. Louis, IMO, U.S.A.). All other reagents were 
of analytical-reagent grade from E. Merck. 

RESULTS AND DISCUSSION 

Adsorption isotherms 
The adsorption of four alkyltrimethylammonium compounds, DTMA, 

TTMA, CTMA, and STIMA, and of two symmetrical tetraalkylammonium com- 
pounds, tetrabutylammonium (TBA) bromide and tetrapentylammonium (TPA) 
bromide, was investigated at concentrations ranging from 0 to 50 m&I. The upper 
value represents an increase relative to that previously investigated’ for CTMA, in 
order to establish for each component the limit of the amount adsorbed_ IMeasure- 
ments of the amounts adsorbed at high concentrations of the surfactaht-type com- 
pounds were not possible by means of the previously described breakthrough tech- 
nique. At these concentrations it was found that the buffer capacity of the eluent was 
insufficient to maintain a constant pH, as protons on the surface of the silica were 
exchanged for surfactant ions. This gave rise to a decrease in the pH, which at low 
concentrations of surfactant ions was so small (0.2 pH units for 2.5 m&I CTMA’) 
that it caused no problems. At higher concentrations larger shifts were measured (2.5 
pH units for 25 mltl CTMA); thus the ionization of the silanol groups is atrected 
considerably. The ability to adsorb surfactant ions is temporarily decreased, giving 
rise to a partial breakthrough_ The early breakthrough was observed from ca. 10 mlM 
for the four surfactants, and the amounts adsorbed at concentrations above 10 m&f 
were determined by the elution method. 

Fig. 1 shows the six adsorption isotherms. It appears that the structure of the 
quaternary ammonium compounds rather than the number of carbon atoms present 
is of vital importance for the amount adsorbed. The two symmetrical compounds 
TBA and TPA are adsorbed to only a minor extent, and only a small difference 
between the two compounds, which differ by four carbon atoms, is seen. For the 
alkyltrimethylammonium compounds at lower concentrations the afhnity to silica 
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Fig- I. Rr.Gtionship between zhe conceotration of quatematy ammonium compound and the amounts 
adsurkec! per gam ofsilica 0. TBA; LL -i-l’_% 0, DTSfA; A, ITMA; 1, cz1cu; 0, sThL& Ruent: 
methanol-water-O.2 3 phosp-bate b&k @Ii 73) (50:45:3 plus quaternary atntnonium compounds at the 
indiited coocetltratiils. 

increases with increasing carbon number of rhe alkyd chain The maximum amount 
adsorhahle. however, seems to he of the same order of magnitude for STMA CTMA 
and lTM& iudicating that de iimitation is due mainly to steric reasons The maxi- 
mum is ca 0.9 mmoijg corresponding to oz 2 ml/m” (calculated from the surface 
area per _m of silica as stated by the supplier). For DTMA only CCL_ 0.45 mmol/g is 
adsorbed at a concentration of 50 mM but the curve is still rising. The degree of 
coverage of the silica surface attainable is comparabIe to that achieved by derivatizing 
with long-chain alkyisilanes6 and no indication of the formation of a double iayer or 
a muiti-layer is found 

For the chromatographic testing of the individual systems a test mixture con- 
taining Fyridine, phenethylamine, benzene, phenol and bcnzoic acid was used. Figs. 
2a-d show- capacity Factors (X-l) for four of the test substances as Functions of the 
concentration of the individual quaternary ammonium compounds. The retention of 
the fifth compound, pyridine, was largely unaf%cted by the type and concentration of 
modif_jg agent, as was prev+onsly found’ for CTMA- 

When sign&ant amounts of an alkyRrimethylammonium compound are ad- 
sorbed on to the stXca surface, neutral compounds such as benzene are chromato- 
_mphed according to a reversed-phase partition mechanism, acidic compounds such 
as benzoic acid by reversed-phase ion-pair partition and phenol by an intermediate 
mechanism as shown earlier for CTMA*_ As was found in the adsorption experi- 
merits, only a monofayer of snrfactant seems to be present_ This supports the state- 
ment that the retention of acidic solutes is due to ion-pair partition and not ion 
exchange as has been reported to take place in chromato_qhy with surfactants on 
chemically bonded phases?. The previonsly reported results with CTMA were found 
for concentrations ranging from 0 to 6 m&f, whereas the esperiments underlying Fig. 
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Fig. 2. Relationship between the concentration of quatemary ammonium compound in the eluent and k’ 
for four of the test substances: (a) phenethylamine; (b) benzene; (c) phenol: (d) benzoic acid. S~mtis ad 
duent as in Fig. 1. Tk arrows in (d) kiicate the estimated tit&I micelhir con~ntrations (see Ekperi- 
mental). 

2 were extended to 50 m&f_ At hi&er concentratiozls, for aIi four surfactants the 
retention of the neutral and acidicsolutes exhibit a distinct m&m. In chromato- 
graphy on chemically bonded phases it has recently been show&’ that the retention 
of acidic solutes is influenmJ similarly by both symmetricd and surfactant-type 
quaternary ~~MIO~&IIII compounds. AltQougb it has been claimed that micelie fornxa- 
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tion (which is possible for the surfactant-type compounds only) had no influence, 
other workers”*” have found that for al_kyl sulphates the maximum retentions of 
various solutes coincide with the CMC values. In the work presented here (cf-, Fig. 2) 
the m&mum retentions of both acidic and neutral solutes show a high degree of 
coincidence with the ClMC values found for the four surfactants (57, 27, 16 and 3.3 
mm, for DTMA, TXMA, CTMA and STMA, respectively), indicating that micelle 
formation apparently increases the hydrophobic&y of the eluent- 

The two symmetrical compounds, TBA and TPA. aII&t the retention of the 
neutra! and acidic compounds to only a minor extent. This is in accordance with the 
above-mentioned fact that only minor amounts of the said compounds are adsorbed 
on to the silica surface and thus reversed-phase partition is not possibIe. A certain 
decrease in the retention of phenethylamine is seen, which indicates that the sym- 

metrical quaternary ammonium compounds do inlluence the ion-exchange process of 
the basic solute but to a much smaller extent than do the surfactant-type compounds. 

We investigated whether any effect on the retention could be observed on 
adding a symmetrical pairing ion to an eluent containing a surfactant-type ion of the 
same charge_ TabIe I shows the retention of benzene. phenethylamine, phenol and 

TABLE I 

IXFLUEXCE OF THE ADDITION OF TB.4 ON RETENTION 

EIuenr: 25 m_lf CTMA in methanoC~ater-O.2 M phosphate buffer (pH 7.5) (50455) plus TBA at the 
stated concentrations. 

0 5 10 20 

Phenethylamioe 0.65 0.67 0.66 0.64 

BelZlYX 0.95 0.91 0.92 0.87 
Phenol 1.06 I.02 1.01 0.96 

Bemenesulphonic acid 1.19 1.08 1.0-I 0.92 
Sorbic acid 1.57 1.36 I.32 1.1s 
Benzoic acid 1.63 1.50 1.21 1.29 

5.9 

S-4 
9.1 

22.7 
24.8 
20.9 

three different acids when various concentrations of TBA are included in the eluent 
containing CTMA (2.5 mJ4). It appears that the TBA causes a decrease for all 
solutes, the decrease being most pronounced for the anionic compounds. Owing to an 
ion-exchange mechanism, TBA replaces a small part of the CTMA adsorbed on to 
the silica, resulting in a less hydrophobic surface and thus in a general decrease in 
retention_ To some extent, however, TBA also forms ion pairs with the anions, but 
the hydrophobicities of these ion pairs are lower than those of the ion pairs between 
CTMA and the anions, thus leading to a further decrease in the retention of the acidic 
solutes. 

In reversed-phase HPLC on chemically bonded supports it has been demon- 
strated”-‘3 that the reteorion increases linearly with increasing amounts of bonded 
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Fig. 3. Relationship-between alkyd chain length (carbon number) and k’ for four of the test substances at 
two different levels of coverage: (a) 0.4 mm01 of surfactant per gram and (b) 0.6 mmol of surfactant per 
-gram. k’ values calculated from Figs- 1 and 2. 0, Benzene; A. phenol; V. phenethytamine; q !. benzoic 
acid. 

phase, Le., there is a linear relationship between retention and alkyl chain length if the 
degree of coverage is kept constant. Figs. 3 a and b show the influence of the chain 
Ien_& on retention of four of the test compounds at two levels of adsorbed surfac- 
tant. It appears that the effect of increasing chain length at both levels is an increased 
retention of benzene and phenol, both of which are chromatographed mainly accord- 
ing to a reversed-phase partition mechanism. The retention of beuzoic acid decreases 
with increasing chain length at low coverage (0.4 mmol/g), whereas the opposite is 
seen at a higher coverage (0.6 mmol/g). This may be explained by the fact that the 
surfactant concentrations needed to achieve the 0.4 mmol/g coverage are very low for 
the longer chain compounds (~5, Fig. I), and thus the possibility of ion-pair forma- 
tion is drasticahy decreased with increasing chain length of the surfactant. For phen- 
ethylamine an increase in retention is found with increasing chain length of the 
surfactant, most pronounced at low coverage of the silica. Also in this instance the 
concentration effect is of vital importance as the ion-exchange mechanism, partly 
responsible for the retention of cationic compounds, is greatly inlluenced by the 
concentration of the concurrent ion. 

The influence on retention cf the degree of coverage for each of the four 
surfactants is shown in Fig. 4 for benzene, which is the only compound in the mixture 
that is assumed to be chromatographed by a pure reversed-phase partition mecha- 
nism, i.e.,‘without any ion-exchange or ion-pair effects. The linear relationship that 
appears is in accordance with what has heen demonstrated between retention and 
carbon content for chemically bonded phasesX3. 
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Surfactan: adsorbed (mmol per 9) 

Fig_ 4_ Relationship bzttveen amounr ofsurfactant adsorbed and retention of benzene. K values cdculated 
from Figs_ I and Z a DTMA; A. l-I-MA; q . CTMA; a_ STMX. 

Setectirit_r 
A change in selectivi~ in the separation of a mi__ture of compounds, when 

using the dynamically modified silica approach, may be accomplished in several ways. 
Changng the chain length of the quaternary ammonium compound has a pronounced 
effect (cf-, Fi_e 3), the effect being different at different concentration levels_ If a 
change in selectivity between ionic solutes of opposite charge is wanted, a change in 
the concentrationof surfactant is to be preferTed (cf-, Fig_ 2). If a change in retention 
of compounds in a mixture without affeting the selectivity is wanted, a change in the 
accessible surface area of the column is a possibiity. This can be achieved by using a 
different column length or by changing to another brand of silica’_ 

Apart from the nature and concentration of the surfactant, the whole com- 
position of the mobile phase is of vital importance for the selectivity, e-g_, the nature 
and concentration of the organic modifier and buffer components, the pH and the 
ionic strength. Work is in progress to clarify the intIuence of these parameters_ 

CONCEUSiON 

It & heen demonstrated that the afIinity to bare silica of qnatemary am- 
motium compunds depends greatly on the struae and the size of the-ions_ Sym- 
metrical quaternary ammonium ions are adsorbed to onIy a minor extent and have 
fittIe influence on the retention of acidic and neutral solutes- For long-chain alkyl- 
trimethylammonium compounds it was faund that the maximum amounts adsorb- 
abIe are of comparable magnitude but, owing to increased afiinity- to the silica, this 
am-h is reached at lower concemrations the longer is the alkyd chain_ The reten- 
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