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SUMMARY 

Five commercially available reversed phases are examined, and the effects of 
chain length, carbon content and e:&tent of derivatization on wettability, retention 
and selectivity are investigated. The nature of the stationary phase surface, when in 
contact with the mobile phase under conditions of wetting, is examined and the 
mechanism of solute-stationary phase interaction identified. The location of the ion- 
pair reagent, when the reversed phase is used for ion-pair chromatography, is identi- 
fied for both lyophilic and lyophobic conditions of chromatographic development. 

lN-FRODUCTION 

The bonded phases were originally introduced for use in liquid chromato- 
graphy to obviate the limitations of silica gel when used to separate mixtures of highly 
polar and ionic substances. Silica gel separates substances largely on a basis of 
polarity difference and is highly satisfactory for solutes having low or intermediate 
polarities. Relatively poor selectivity is freqaently realized, however, when the 
polarities of the solutes approach that of the silica gel itself, and the poor selectivity 
is often accompanied by poor mass transfer characteristics, producing low efficiencies 
and peak tailing. Experience with the use of bonded phases, however, has demon- 
strated that, besides providing a substitute for silica gel for the separation of highly 
polar solutes, they exhibit unique selectivity that can be exploited in many other 
separation problems. Bonded phases can be prepared by reacting silica gel with an 
appropriate organic mono-, di- or trichlorosilane, producing a surface coating of 
organic material that replaces the surface hydroxyl groups as the interacting moieties 
of the stationary phase. The interacting organic groups can be simple hydrocarbon 
chains as in the case of a reversed-phase material, a hydrocarbon chain with a 
terminating polar functional group as in the case of a polar bonded phase, or an 
ionexchange moiety as in the case of an ion-exchange bonded phase. Each class of 
bonded phase contains a number of different types, and in this paper several types of 
reversed phases are examined. The work is in two parts, the first examines the chro- 
matographic properties of the reversed phases and relates them to the physical and 
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chemical properties of each respective phase; the second part examines the surface 
of the reversed phase, determines its nature and its mode of interaction with solutes 
during chromatographic development. Further, the mechanism of ion-pair chro- 
matography carried out with reversed phases is examined and the part played by the 
ion-pair reagent with respect to the reversed phase identified. 

THE CHROMATOGRAPHIC CHARACTERISTICS OF FIVE DIFFERENT REVERSED 
PHASES 

The bonded phases examined were RP2, RP8 and RP18 supplied by E.M. 
Labs. (Elmsford, N.Y., U.S.A.) and ODS and ODS2 supplied by Whatman (Clifton, 
N-J., U.S.A.). All bonded phases were supplied as packing material, but Whatman 
also provided columns packed with ODS and 0DS2 and E.M. Labs. also provided 
a prepacked column containing RP8. The columns containing RP2 and RP18 were 
packed in the laboratory, employing the slurry packing technique, using a 25 % (v/v) 
solution of glycerol in methanol as the dispersing solvent. After packing, the columns 
were equilibrated directly with water-acetonitrile (35:65, v/v)_ 

The apparatus used for testing the columns consisted of a Waters 6OOOM 
pump, a Valco high-pressure valve (Model ACV-6-UHPa-N60) and either an LDC 
UV monitor or an LDC refractometer, depending on the solutes to be examined. 
The output from the detector was fed directly to a lo-mV potentiometric recorder 
and was also processed by a Hewlett-Packard HPMX2108 computer with a 32K 
memory and a HP79OOA disc. Data were acquired at a rate of 7.5 data points per 
second, at a threshold value of 10 FV and an averaging time of 0.5 sec. The mobile 
phase employed was water-acetonitrile (35:65, v/v) at a flow-rate of 1 ml/min. The 
solutes used were phenol, benzene, anthraquinone, 2-methylanthraquinone and 2- 
ethylanthraquinone in conjunction with the UV detector operated at 254nm. In order 
to determine the dead volume of each column, 2 ~1 of water were injected on to the 
column and monitored by the refractometer detector. 

The carbon content of each stationary phase was determined in duplicate by 
microanalysis, and the average of the duplicates was taken; no pair of duplicates 
differed by more than 0.3%. The surface area data for the parent silica gels were 
supplied by the manufacturers, as was the percentage derivatization. The wettability 
of each bonded phase was taken as the maximum water content that could be incorpo- 
rated into the particular soIvent without Iosin, = the ability to completely wet the 
bonded phase. Three different solvents were employed for each stationary phase, and 
the maximum water concentration that would maintain wetting was determined as fol- 
lows. One hundred milligrams of stationary phase were placed in the bottom of a IO-ml 
graduated cylinder and, 2 ml of the solvent added. Water was then added drop by drop 
with shaking until a light film of the bonded phase was seen to persist on the surface 
of the liquid. The volume of liquid and the volume of water added were then noted, 
the percentage (v/v) of water calculated and this value taken as the maximum water 
concentration to permit wetting. The wetting characteristics of the five bonded 
phases are given in Table I and the physical, chemical and chromatographic properties 
are summarized in Tables II and III. 

It is seen from Table I that ODS is completely wetted by water, and this 
illustrates the effect of incomplete coverage of the bonded phase by the hydrocarbon 
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TABLE I 

THE WETTING CHARACTERISTICS OF FIVE REVERSED PHASES 

Reversed phase Carbon Chain lenth Maximum water content to permit 
content of bonded complete wetting (%, v/v) 

(%, Wv) material - 
Solvent 
- 
Methanol Acetonitrile Isopropanol 

__-_ 
ODS 5.0 18 100 100 100 
0DS2 16.9 18 32 64 74 
RP2 5.0 2 50 84 
RP8 12.2 8 50 

6’: 
84 

RP18 19.8 18 55 58 82 

TABLE II 

THE CHROMATOGRAPHIC PROPERTIES OF FIVE REVERSED-PHASE COLUMNS 
N = number of theoretical plates. 

Column SuppIier COltUtm Columtz Surface Carbon Derivati- Dead N - 
length I.D. area of chain zation volume 
(cm) (nun) parent length (%I (tnI) 

silica gel 

(l?i/g) 
___- __--._--___._ ____________- __- 
ODS Whatman 25 4.6 400 18 - 2.51 23co 

(k’ = 1.9)’ 
ODSZ Whatman 25 4.6 400 18 - 2.04 ssoo 

(k’ = x9)- 
RP18 E.M. Labs. 25 4.6 150 18 67.5 1.92 4363 

(k’ = 10.9)” 
RP8 E.M. Labs. 25 4.6 250 8 75.0 2.61 4591 

(k’ = 2.9)’ 
RP2 E.M. Labs. 25 4.6 350 2 67.5 2.79 4472 

(x-’ = 1.3)” 

l Packed by supplier. 
** Packed in the laboratory_ 

TABLE III 

RETENTION DATA FOR A 
VERSED-PHASE COLUMNS 
MOBILE PHASE 

NUMBER OF SOLUTES SEPARATED ON DIFFERENT RE- 
EMPLOYING ACETONITRILE-WATER (65:35. v/v) AS THE 

Y’ = Corrected retention volume; V, = dead volume. 
______.__-_ L___.__.__~_. 

Reversed V,, v’ (ml) 0: 
phase 

Phenoi Benzene Anthra- 2-MethyC ZEthyI- 
2-Eth_vlantraquinone 

yuinone anthra- anthra- ( Anthraquinone > 
quinone quinone 

iiDS 2.51 0.86 - 3.05 3,82 4.45 1.46 
ODS2 2.04 1.37 8.25 10.03 15.39 20.72 2.07 
RP2 2.79 1.91 - 3.18 3.50 3.89 1.22 
RPS 2.61 1.36 3.88 4.92 6.57 8.75 1.78 
RPl8 1.92 1.25 5.10 6.82 10.56 14.83 2.17 - - 
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It must therefore be concluded that the ion-pair reagents, in the absence of a 
solute and when the stationary phase is wetted by the solvent, reside entirely in the 
mobile phase and are not adsorbed as a layer on the stationary phase in a similar 
manner to the solvent. Under the given conditions the conclusion is in direct conflict 
with the views of Ki&inger9, who assumes that the ion-pair reagent is adsorbed onto 
the reversed phase and modifies its interacting properties irrespective of the wetting 
conditions. 

The effect of the ion-pair reagents on solute retention was then examined both 
under conditions where the solvent wetted the bonded phase and under conditions 
where it did not-Three solvent concentrations were employed, namely acetonitrile-water 
(65:35), which wetted the stationary phase, together with acetonitrile-water (25:75) 
and acetonitrile-water (20:80), which did not wet the stationary phase. The solutes 
3-pyridylcarbinol and 6-amino-m-cresol were chromatographed on the ODS2 column 
using each of the three solvent mixtures and their retention volumes measured_ The 
retention volumes of the ion-pair reagents, sodium octanesulfonate and p-toluene- 
sulfonic acid were also determined under the same conditions. Sodium octanesulfo- 
nate was then added to each solvent mixture to provide a O-005 M solution together 
with acetic acid to provide 2 1 oA solution. The retention volumes of the same solutes 
were then determined in each of the three solvents, now containing the ion-pair 
reagent. The results are shown in Table IX. It is seen that for the solvent mixture that 
permitted wetting neither ion-pair reagent is retained and so no reagent is present 
on the surface of the bonded phase. When the solvent contains an ion-pair reagent, 
the retention volume of each solute decreases. This indicates that the ion-pair reagent, 
contained entirely in the mobile phase, merely introduces ionic interactions with the 
solute, which combines with the polar and dispersive interactions of the solute with 
the water and acetonitrile. Thus, as the total interactions of the solute in the mobile 
phase increase and the solute interactions with the stationary phase remain the same, 
the solutes are eluted more rapidly. The second mobile phase did not wet the station- 

TABLE IX 

RETENTION DATA FROM 0DS2 WHEN USED WITH ION-PAIR REAGENTS 

Solvelzt 
composition 

s0111re YR (nzl) 

hz the absence In the presence of 0.005 M 
of ion-pair sodium octanesalfonate and I:; 
reagent acetic acid solution 

Acetonitrile-water 3-PyridyIcarbinoI 3.52 
(65:35) 6-Amino-nz-cresol 4.56 

Sodium octanesulfonate 2.04 
p-Toluenesulfonic acid 2.04 

Acetonitrile-water 3-Pyridylcarbinol 4.12 
(25 :75) 6-Amino-mcresol 8.68 

Sodium octanesuIfonate 4.06 
p-Toluenesulfonic acid 2.51 

Acetonitrile-water 3-Pyridykarbinol 5.91 
(20530) 6-Amino-m-cresol 15.27 

Sodium octanesulfonate 12.80 
p-Toluenesulfonic acid 7.66 

3.23 
3.63 
2.04 
2.04 
4.78 

10.17 

7.53 
18.30 
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ary phase, 2nd it is seen that the retention volume of both solutes has increased and 
that the ion-pair reagents sre now significantly retained, forming a layer on the 
surface. It is also seen from Table IX that the solutes, eluted by the same mobile 
phase but containing the ion-pair reagent, now show an increase in retention volume. 
This indicates that ionic interactions in the stationary phase are now becoming 
significant relative to the increased ionic interactions in the mobife phase. Increasing 
the water content of the solvent in the third mobile phase emphasizes this effect. 
The retention of 3-pyridylcarbinol and 6-amino-Pn-cresol is now significantly increased 
by the presence of the ion-pair reagent and the ion-pair reagent itself is more strongly 
held on the bonded phase. Thus under non-wetting conditions Kissinger’s9 ex- 
planation of ion-pair interaction could be correct. 

It has been shown, therefore, that ion-pair reagents reduce retention by intro- 
ducing ionic interactions in the mobile phase under conditions where the mobile 
phase can wet the reversed phase. Under conditions where the mobile phase does not 
wet the reversed phase and at sufficiently high water contents, the ion-pair reagent 
can be retained and form a surface coating. This coating permits ionic interactions 
with the stationary phase and thus increases the retention of solutes having com- 
plementary acid or basic characteristics with respect to the ion-pair reagent. 

CONCLUSIONS 

The commercially available reversed phases examined differed significantly in 
carbon content, chain length and degree of derivatization. The maximum concen- 
tration of water in the solvent mixture that would permit wetting varied widely 
between the reversed phases themselves and the solvent employed, the less polar the 
solvent the higher the concentration of water that would maintain wetting_ The con- 
centration of water in the solvent mixture at which the system changed from a 
lyophilic condition to a Iyophobic condition is important to the practicing chromato- 
grapher as the separation process appears to change at that water concentration. The 
retentive capacity of the reversed phase generally increased with carbon content and 
chain length but depended also on the nature of the hydrocarbon moieties and in 
particular on whether it had been surface or bulk modified. The bulk-modified or 
polymeric bonded phase appears to provide greater retention than a surface-modified 
stationary phase of the same chain length and carbon content. Both surface- and 
bulk-modified material can provide columns having good chromatographic per- 
formance. The selectivity as determined by the retention ratio of 2-ethylanthraquinone 
to anthraquinone under the same solvent conditions increased regularly with the 
carbon content of the bonded phase, but this may not be a general relationship. 

The presence of unreacted silancl groups on the surface of the bonded phase 
does not appear to affect seriously its selectivity or the column efficiencies obtained 
from it. A duaGpurpose column that contains either a partially reacted bonded 
phase or a mixture of a fully reacted bonded phase and silica gel of the same particle 
size could be an interesting and useful column system. Such a column could be used 
as a silica gel column and a reversed-phase column by merely changing the solvent 
system and the data used to determine the best phase system to separate a hitherto 
unknown mixture. 

Under conditions of wetting the reversed phase is covered by a layer of solvent 
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which is, on average, probably one molecule thick. Solutes retained up to a k’ value 
of 10 interact with this layer of solvent and not with the hydrocarbon chain of the 
reversed phase. During interaction, the solute molecules associate with the solvent 
on the stationary phase but do not displace it. In ion-pair chromatography, where 
the reversed phase is wetted, the ion-pair reagent exists solely in the mobile phase- 
The normal polar and dispersive interactions between the solute and the mobile 
phase are thus supplemented by ionic interaction and the counter ionic solute species 
are eluted more rapidly and thus-retention decreases_ Under lyophobic conditions, 
however, and at higher concentrations of water in the mobile phase the ion-pair 
reagent is adsorbed as a film on the surface of the reversed phase. This coating of 
ion-pair reagent now permits ionic interaction between the solute and the stationary 
phase and thus the solute retention increases. 
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