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SUMMARY 

Dibenzo-crown ethers and certain peptides with unprotected amino groups do 
not exhibit the regular linear dependence of the logarithmic retention on the com- 
position of binary hydra-organic eluents on silica-bonded Cs and C,s hydrocarbo- 
naceous stationary phases but the plots have minima. Similar results are found when 
the stationary phase is “naked” silica having no ligates. The results are interpreted 
in terms of a dual retention mechanism that postulates solute retention as a result of 
both solvophobic (hydrophobic) and silanophilic interactions between the eluite and 
stationary phase even in the case of “naked” silica. Masking of the surface silanols 
by increasing the water concentration of the eluent or by the addition of a suitable 
amine, which can also be a buffer component, is shown to attenuate silanophilic 
interactions so that regular retention behavior is observed with both crown ethers 
and peptides. Beyond its traditional use, this approach may make possible the 
measurement of chromatographic data without interference by silanophilic effect and, 
thus, facilitate the development of a retention index system. On the other hand, silanol 
groups at the surface of bonded phases may be essential to obtain adequate selectivity 
as illustrated by reversed-phase chromatography of a peptide mixture. The similarity 
between the retention data obtained with aqueous eluents on “naked” silica gel and 
on Cs and C,, alkyl-silkas implies that the relative polarity of the mobile and sta- 
tionary phase is the chief distinguishing mark for classification of various chromato- 
graphic systems. Furthermore, it also suggests that the dual retention mechanism 
may be a rather common phenomenon which needs to be taken into account for 
interpretation of retention data and designin g chromatographic separations. . 

INTRODUCTION 

The predominance of silica-bound hydrocarbonaceous stationary phases in 
high-performance liquid chromatography (HPLC) has evoked great interest in 
explicating the mechanism of retention in reversed-phase chromatography (RPC). 
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Assuming reversible binding of the eluite molecules to the alkyl ligates at the surface 
of the stationary phase we adapted the rather comprehensive solvophobic theory’ to 
quantify the major factors involved in the retention process which is treated essentially 
as a solvent effecr?. Although the properties of the stationary phase surface are 
idealized in this treatment, the results have greatly facilitated our understanding of 
the physico-chemical phenomena and the prediction of retention and seIectivity, 
particularly when water-rich eluents and neutral or anionic eluites are employed. 
Recent study5 has demonstrated that despite the variations observed among commer- 
cial long-chain alkyl-silica bonded phases in practice, their intrinsic retention behavior 
under the conditions stated above is essentially identical, i.e., it manifests itself in 
homoenergetic retention in agreement with the predictions of the solvophobic theory. 

However, as noted by numerous chromatographers, retention in RPC does 
not always exhibit the “regular” behavior expected OR the basis of the solvophobic 
(hydrophobic) effect. Some anomalous phenomena have been explained as being due 
to secondary chemical equiIibria6s7 in the eluent. Perhaps most irregularities can be 
attributed to eluite interaction with silanol groups at the surface of the stationary 
phase. The impact of such silanophilic interactions on retention is particularly pro- 
nounced when the eluent is rich in organic solvent and the eluite molecule contains 
amino or other similar functions. 

Alternatively specific binding of one or more components of the eluent by the 
stationary phase may also give rise to changes in the surface properties with con- 
comitant alteration of retention behavior. This phenomenon in RPC has been hardly 
explored and its importance cannot yet be assessed except in obvious cases, e.g. when 
the stationary phase surface is converted into a dynamically-coated ion exchanger 
by an ion-pairing hetaeron present in the eluent*. 

Recently the effect of silanol groups in RPC has been analyzed by using a dual 
retention mechanism model9 that predicts the minimum observed in plots of Ioga- 
rithmic retention factor against eluent composition for the chromatography of a 
crown ether on octadecyl-silicas with methanol-water mixtures as the eluent. The goal 
of the present work is to shed further light on the nature of silanophilic interactions 
believed to be responsible for irregular behavior including non-linear retention behavior. 

Particular attention is paid to the use of silanol-masking agents in the eluent 
that allow us to obliterate silanophilic retention, thus facilitating regular retention 
behavior. The Iatter is essential for the development of a hydrophobic index system” 
of sufficiently broad scope for characteri--ing the properties of eluites, solvent mixtures 
and columns and for optimizing chromatographic separations. 

Of course, heterogeneity of the stationary phase surface is one of the most 
prominent and time-honored problems of chromatography. Solutions ranged from 
impregnation of charcoal with long-chain fatty acids I1 through poisoning active sites 
with KCN or HzS2 to the use of octanol as a “saturator” to deactivate the stationary 
phase13, for instance. In HPLC the use of amino compounds has been recom- 
mended1*915 to mediate untoward effect of residual silanols in the stationary phase. 
Considering the wealth of data on tailing reducers and other meritorious ingredients 
in chromatographic systems the present work does not claim novelty for the con- 
cepts presented here. Yet, it is a step in our continuing effort to gain further insight 
in the chromatographic process by attempting a quantitative treatment of data 
obtained -with presently available precision measuring devices. 
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Theory of silunol masking 
As discussed elsewhere9 the dual retention model postulates that the retention 

factor k of an eluite that is bound in two different ways to the stationary phase can be 
expressed as the sum of the retention factors for the two processes 

k = kl f k2 (1) 

where 

and 

where K and cp are the thermodynamic equilibrium constants and the phase ratios of 
the available binding sites, respectively, and the subscripts 1 and 2 are used to distin- 
guish the above quantities as being solvophobic and silanophilic, respectively. 

A masking agent such as a long-chain aliphatic amine added to the eluent is 
expected to bind to a silanol (and to one or more hydrocarbonaceous ligates), a 
phenomenon for which the term “silanophilic interaction” is used. It is assumed that 
upon binding of the masking agent the surface concentration of the accessible silanols 
[SiOH] and the corresponding phase ratio qZ are reduced, whereas cpi remains 
unchanged. 

The reversible binding of the masking agent A to the stationary phase is 
characterized by the corresponding equilibrium constant 

where [A] is the concentration in the mobile phase, [SiOH] is the concentration of 

the surface silanols and [SiOH -A] is the surface concentration of the complex. 
Masking reduces the surface concentration of the available silanols and the actual 
phase ratio for silanols becomes 

(4) 

where 9j2.mnx. is the phase ratio of silanols in the absence of masking agent. In view of 
eqn. 2b the silanophilic retention factor increment will also decrease with increasing 
concentration of the masking agent. The value of the overall retention factor is given 

by 

k = kl + kz 
1 -i KJA] 

(5) 

where k2 is the retention factor increment for silanophilic binding in the absence of 
a masking agent. 
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Since kl and k2 are properties of the cohrmn and the solvents used in the 
eluent, they are expected to be invariant with changing concentration of the masking 
agent. Eqn. 5 shows that with increasing concentration of the masking agent the 
retention factor decreases to its solvophobic limit. 

Measurement of the binding constant for the masking agent 
The potency of the masking agent in attenuating silanophilic retention is con- 

veniently quantified by KA, which can be used to rank various masking agents accord- 
ing to their efficacy. Two methods are proposed here for the evaluation of KA from 
chromatographic measurements. 

The retention factor k obtained at a certain concentration [A] of the amine 
in the mobile phase can be subtracted from the retention factor, k,, obtained in the 
absence of hetaeron to yield 

b--k = k&JAI/U + L[Al) (6) 

and eqn. 6 can be rearranged to 

[A: 1 CA1 
i&-=-k = k2KA + K 

(7) 

According to eqn. 7, plots of [A J/(k,,--k) against [A] yield straight lines with the re- 
ciprocal of the silanophilic retention factor as the slope. The stability constant of the 
silanol complex, KA, is given by the slope to intercept ratio. Various other linear 
transformations of eqn. 6 may be made for the evaluation of the stability constant16 
and the silanophilic retention factor. 

The graphical methods for determination of the stability constant require that 
retention data be obtained at several concentrations of a given masking agent. 
Obtaining these data may represent an unjustifiable expenditure of effort when the 
objective is to compare rapidly the masking efficacy of several agents. In such cases 
a simphlied method such as that described below can be used for evaluation of &. 

Let us define the variable dr from the retention factor in the absence of 
masking kO and the retention factor kI obtained at concentration [A], of masking 
agent according to 

In a similar fashion the variable du can be defined as 

where kII is the retention factor of an eluite when the concentration of the masking 
agent is [A],,. Combination and rearrangement of eqns. 5,8a and 8b yield the fohow- 
ing expression for the equilibrium constant for silanol masking 
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The results obtained by using eqn. 9 are, of course, more sensitive to experiniental 
error than those obtained by usin g eqn. 7 with data measured at a relatively large 
number of concentrations and therefore caution should be used in their interpretation. 

EXPERIMENTAL 

Materials 
Dibenzo- 1 S-crown-6 (DE lSC6) was obta in:,: from Eastman (Rochester, NY, 

U.S.A.) and dibenro-24-crown-8 (DB24C8) -.~;Ls from Strem Chemicals (Newbury- 
port, MA, U.S.A.). All quatemary amlnes wet Eastman products, and Zethylamino- 
ethanol and diisopropylamine were from Aldrich (Milwaukee, WI, U.S.A.). N,N- 
Dimethyldodecylam&c, rl-butylamine and other chemicals were purchased from 
Chem Service (West Chester, PA, U.S.A.). The peptides used, N-rerr.-butyloxy- 
carbonyl-~-valyl-~-methionyl-~-~lanylglycyl-~-valyl-~-isoleucylglycine ethyl ester, the 
hydrochloride of ~-valyl-~-methionyl-~-alanylglycyl-~-valyl-~-isoleucylglycine ethyl 
ester, N-rcr~.-butyloxycarbonyl-~-leucyl-~-leucyl-~-isoleucyl-(O-benzyl)-~-seryI-(0- 
benzyl)-r-tyrosylglycine ethyl ester, the trifluoroacetate salt of r_-leucyl-r-isoleucyl- 
(0-benzyl)-L-seryl-(0-benzyl)-L-tyrosylglycine ethyl ester, were a gift of R. E. Galardy 
(presently at the Department of Biochemistry, University of Kentucky, Lexington, 
KY, U.S.A.). Acetonitrile, methanol, tetrahydrofuran, ethyl acetate, methylene chlo- 
ride, and II-hexane were “distilled in glass” from Burdick &Jackson Labs. (Muskegon, 
MI, U.S.A.). Distilled water was prepared with a Bamstead distilling unit. 

hstruments and coIunuts 
The chromatographic system consisted of a Model FR-30 pump (Knauer, 

Berlin, G-F-R.) with a Rheodyne (Berkeley, CA, U.S.A.) Model 7010 sampling valve 
having a 20-~1 sample loop and a Kratos-Schoeffel (Westwood, NJ, U.S.A.) Model 
770 variable-wavelength UV detector_ In experiments with crown ethers we used a 
Kratos-Schoeffei Model FS-970 fluorometric detector with excitation wavelength and 
emission filter &i-offs set at 218 and 300 nm, respectively_ Chromatograms were 
obtained with a Perkin-Elmer (Norwalk, CT, U.S.A.) Model 56 dual-pen recorder. 
The column temperature was controlled by recirculating water through an insulated 
stainless-steel jacket from Model K-2/R thermostatted water bath (Messgeraete-Werk, 
Lauda, G.F.R.). Whatman (Clifton, NJ, U.S.A.) supplied IO-pm Partisil silica, 
Partisil ODS, ODS-2 and ODS-3 columns, and IO-pm LiChrosorb RP-18 and 7-pm 
LiChrosorb RP-8 columns were obtained from Knauer. 5-pm Supelcosil LC-8 and 
LC-IS columns were from Supelco (Bellefonte, PA, U.S.A.). The dimensions of the 
above columns were 250 x 4.6 mm I.D. or 150 x 4.6 mm I.D. The 5-pm Hypersil 
ODS column was from Shandon Southern Products (Runcom, Great Britain). The 
IO-pm LiChrosorb RP-8 (Merck, Darmstadt, G.F.R.) columns (40 x 4.6 min I.D.) 
were prepared in our laboratory by slurry packing of the particles with isopropanol. 
In addition to alkyl-silica columns, columns packed with cross-linked porous poly- 
styrene particles were also employed_ Amberlite XAD-2 was obtained from Rohm 
and Haas (Philadelphia, PA, U.S.A.), ground and classified by sedimentation in our 
laboratory”. Styragel having a particle size of 35-75 pm was obtained from Waters 
Assoc. (Milford, MA, U.S.A.). Both particulate preparations were slurry packed 
using methanol into columns having dimensions of 150 x 4.6 mm I.D. 
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Procedures 
In experiments involving crown ethers the reversed-phase columns were con- 

ditioned by washing sequentially with methanol, tetrahydrofuran, ethyl acetate, 
methylene chloride and n-hexane, as described previously’. 

Peptides were usually dissolved in 2,2,2-trifluoroethanol at a concentration of 
ca. 0.5 mg/ml and detection of the peptides was achieved by monitoring the absorbance 
of the column efffuent at 220 nm. 

The retention time of fructose was used as the retention time of an unretarded 
component. The retention time of an eluite was evaluated at the peak maximum. The 
retention factors k were calculated in the usual way*‘. 

Spacefilling molecular structures of dibenzo-IS-crown-6, dibenzo-24-crown-8, 
N,N-dimethyldodecylamine and triethylamine were constructed using the PROPHET 
system. 

RESULTS AND DISCUSSION 

Siianophiiic interactions with crown ethers 
Plots of the logarithmic retention factor of DB18C6 obtained on either Partisil 

ODS or Partisil ODS-2 against the composition of methanol-water eluent were found 
to pass through a minimum’. On rhe other hand, such plots are usually linear over 
the entire composition range of binary eluents in RPC of relatively small and less 
polar eIuites, although similar irregular retention behavior has been observed with 
other heterocyclic molecules1s-2*. Conformational changes have also been found to 
give rise to irregular retention behavior6. The resuits obtained with DBI8C6, how- 
ever, were interpreted as the consequence of retention by both silanophilic and 
solvophobic mechanisms with the former dominant at low water concentrations and 
the latter significant at high water concentrations in the eluent9. 

In order to test further the hypothesis that silanol groups at the surface are 
responsible for the retention of crown ethers on silica-bonded hydrocarbonaceous 
stationary phases in contact with water-lean eluents, DB18C6 and DB24C8 were 
chromatographed on Hypersil ODS. LiChrosorb RP-8 and LiChrosorb RP-18 
columns by using methanol-water mixtures rich in methanol. A typical chrcmato- 
gram, Fig. 1, illustrates the separation of a mixture containing the two crown ethers. 
Plots of the logarithmic retention factors obtained with the above columns fol each 
crown ether versz~ eluent composition are shown in Fig. 2. In the case of DBI8C6 
each plot passes through a minimum when the aqueous eluent contains 20-30x 
methanol in agreement with earlier results9 obtained by using Partisil ODS and 
Partisil ODS-2 columns. Plots for DB24C8, however, do not pass through a minimum 
although they manifest curvature, indicating greater retention at low water concen- 
trations than expected from retention observed at high water concentration upon 
assuming regular behavior, i.e., linear relationship between logarithmic retention 
factor and solvent composition. As irregular retention behavior has been observed 
on five different alkyl-silicas, we may conclude that it is a general property of silica- 
bonded hydrocarbonaceous stationary phases rather than an idiosyncracy of a 
particular type of column material. The results depicted in Fig. 3 were obtained in 
binary hydra-organic solvent with methanol, acetonitrilc and tetrahydrofuran as the 
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Fig. 1. Typical chromatogram illustrating the separation of a mixture containing crown ethers by 
reversed-phase chromatography. Column, 10-!/m Partisil ODS-3 (250 %’ 4.6 mm): eluent, 0.1 M 
NaCIO, in methanol-water (7:3); temperature, 25°C; flow-rate, 1.5 ml/min. Sample components: 
1 = resorcinol; 2 = DBl8C6; 3 = nitrobenzene; 4 = DB14C8; 5 = toluene. 

Fig. 2. Graph illustrating the dependence of the logarithmic retention factor for crown ethers on 
the volume fraction of water in the methanol-water mixture used as the eluent. Solid and open 
symbols represent DBl8C6 and DB24C8, respectively. The stationary phases employed are Hypersil 
ODS (0, e), LiChrosorb RP-8 (A, A), and LiChrosorb RP-18 (V, V). 

organic solvent component. It is seen that for DBlSC6 all K w. w plots’ exhibit a 
minimum whereas with acetonitrile-water mixtures a minimum is obtained also for 
DB24CS. These results support the earlier finding9 that the minimum does not arise 
from specific solvation effects and that the observed retention behavior is unlikely to 
be the result of secondary chemical equilibria with organic components of the mobile 
phase. A common feature of the results is increasing retention with decreasing water 
concentration_ This is consistent with an interpretation that the retention is due to 
silanophiiic interactions at low water concentrations’ whereas water “masks” silanolic 
sites at higher water concentrations so that retention is due to solvophobic (hydro- 
phobic) interactions under these conditions. 

The cause of the different retention behavior of the two crown ethers is not 
clear. Silanophilic interactions are likely to involve hydrogen bonding between the 
silanols and the oxygens of the crown ring. Examination of spacefilling models of the 

* According to earlier convention’ the volume fraction of water in the binary hydra-organic 
eluent and the logarithm of the retention factor, k, are denoted by V,U and K, respectively. 
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Fig. 3. Graph ilIustrating plots of the logarithmic retention factor of crown ethers on LiChrosorb 
RP-I8 as a function of the composition of various hydra-organic eluents. Solid and open figures 
correspond to DB18C6 and DB24C8, respectively. The eluents are as follows: methanol-water (0, 
CD); acetonitrile-water (A, A); and tetrahydrofuran-water (0, I). 

two crown ethers revealed that the ring of DB24C8 is much larger than that of 
DBISC6 and therefore can accommodate Iarger guest ions, as stated by othersz3, but 
gave no insight into silanophilic interactions of crown ethers, insofar as neither ring 
seemed to accommodate a silanol uniquely well. Furthermore, the crown usually 
binds cations rather than neutral species or anions such as the ionized silanol. To 
obtain additional information the two molecules were constructed graphically by 
using the PROPHET system, so that the ring ener_q was minimized according to the 
Wipke methodZJ and the results are shown in Fig. 4. It is seen that the two crown 

Fig. 4. SpacehBing models of DB24C8 and DBlSC6 constructed according to the PROPHET system. 
For emphasis, the oxygens are shaded. 
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ethers have significantly different three-dimensional oxygen density. As silanols are 
expected to form hydrogen-bonds with ring oxygens of crown ethers, the proximity 
of the oxygen atoms in the ring should result in enhanced binding. Such a geometric 
effect may be responsible for the greater silanophilic retention of DBlSC6 compared 
to that of DB24C8. 

Evidence for significant participation of silanols in retention is found in 
retention data for the crown ethers obtained under non-aqueous reversed-phase con- 
ditions. Neat methanol, acetonitrile and their mixtures were used as eluents. Because 
acetonitrile is the stronger eluent in RPC 25126, decrease in retention factor with 
increase in acetonitrile concentration is expected and, as shown in Fig. 5, this behavior 
is indeed observed. However, as the concentration of acetonitrile exceeds 60% (v/v) 
the retention factors of the crown ethers increase. Whereas this behavior is totally 
unexpected on the basis of the solvophobic theory1v3, it can be readily interpreted by 
the dual retention mode19. If silanols bind methanol in preference to acctonitrile, it is 
quite clear that the retention cannot occur by silanophilic or solvophobic interactions 
alone because each mechanism would predict a monotonic decrease in retention factor 
with decrease in concentration of one of the solvent components. 
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Fig. 5. Graph illustrating the dependence of the logarithmic retention factor of crown ethers on 
Partisil ODS as a function of the composition of the methanol-acetonitrile mixtures used as the 
non-aqueous eluent. Data for DB18C6 and DB24C8 are shown by the symbols A and a, respec- 
tively. 

Amines are generally believed to interact strongly with silanolsxJ~‘5 and aliphatic 
amines have been used to reduce tailing in reversed-phase chromatography. If an 
amine, which competes well with an eluite for silanols, is included in the mobile phase 
at a sufficiently high concentration, retention of eluite will occur only by solvophobic 
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mechanism and linear K vs. q~ plots will be obtained. Indeed, as shown in Fig. 6, 
reversed-phase chromatography of DB 18C6 and DB24C78 with methanol-water 
mixtures containing 10 mM hexadecyltrimethylammonium bromide yields quasi- 
linear plots in contrast to the parabolic plots obtained for the crown ethers with 
otherwise identical mobile phases without the amine. This observation also supports 
the postulate that the irregular retention behavior which manifests itself in non-linear 
K vs. y plots is due to the effect of surface silanols provided no specific solvent effects 
or conformation changes6 are involved. 

-I 0 , I I I 
0 01 0.2 0.3 04 0.5 

Volume Frochon of Water m Methonol 

Fig. 6. Plots of the logarithmic retention factors of DBlSC6 and DB24CS, 
ODS-2, against the eluent composition. The water-methanol mixture used as 
10 m&f trimethylhexadecylammonium bromide. 

obtained on Partisil 
the eluent contained 

Reversed-phase chromatography on naked silica 
The name reversed-phase chromatography is usually associated with the use 

of a non-polar stationary phase and a polar mobile phase”‘. These two terms, however, 
defy precise definition and it may be preferable to denote reversed-phase systems as 
consisting of a stationary phase less polar than the mobile phase. Within this nomen- 
clature the use of silica gel columns with a neat aqueous or water-rich hydra-organic 
eluent would also fall into the category of reversed-phase chromatography. In our 
study on crown ethers and peptides, we have indeed found that under the above con- 
ditions RPC could be carried out by using naked silica, i.e., unaltered silica gel, as the 
stationary phase. Fig. 7 shows a chromatogram obtained with naked silica with 
gradient elution from plain water at increasing methanol concentration and it is seen 
that sample components eluted in order of decreasing polarity, cf- Fig. 1. 

Further examination of the retention behavior of large eluite molecules with 
polar functions which interact with silanols also evidences that a chromatographic 
system consisting of naked silica and a hydro-organic eluent may exhibit properties 
attributed to RPC systems. Fig. 8 illustrates that the retention factors of the two 
crown ethers, DBlSC6 and DB24C8, on naked silica have a dependence on the corn- 
position of the methanol-water eluent similar to that found when the stationary phase 
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Fig. 7. Reversed-phase chromatogram showing the separation of a mixture containing crown ethers 
on naked silica. Peaks: 1 = nitrobenzene; 2 = resorcinol; 3 = DBlSC6; 4 = DB24C8. Column: 
lO+m Partisil silica, 250 s 4.6 mm I.D. l?&bile phase: from 0 to 2 min, 10% methanol in water: 
from 2 to 10 min, a gradient from 10% to ~5% methanol in water. Flow-rate, 1.5 ml/min: temper- 
ature, 25°C; detection, UV absorbance at 254 nm. 

Fig. 8. Graphs illustrating the relationship of the retention factor of crown ethers on naked silica 
gel and the composition of the hydra-organic eluent. The eluites are DBlSC6 (A) and DB24C8 (A). 
The retention of propylbenzene (0) havin g no polar groups is significant only at high water con- 
centrations, Le. in the reversed-phase chromatographic mode. 

is alkyl-silica, such as octyl- or octadecyl-silica (Fig. 3). Analogous retention behavior 
is observed on naked silica with an otherwise non-polar heptapeptide which has 
a free amino group at the N-terminus as illustrated by the K VS. y plot depicted in 
Fig. 9. When the terminal amino group is blocked, however, the logarithmic retention 
factor becomes a linear function of the eluent composition as also shown in Fig. 9. 
Comparison of these results with those obtained with octadecyl-silica (Figs. 2 and 3) 
for instance, as well as the chromatographic behavior of peptides discussed below, 
leads to the conclusion that when the polarity of the eluent is sufliciently high, silica 
gel proper can act as a “non-polar” stationary phase. Thus, it can be used for the 
separation of hydrophobic peptides not only in the “normaP* but also in the 
“reversed-phase” mode. 

In the hermeneutics of the traditional chromatographic classification this 
behavior of silica may be considered anomalous although it simply demonstrates that 
the polarity of the eluent re!ative to that of the stationary phase determines whether 
the retention behavior is “normal” or “reversed”. It is known that the siloxane groups 
at the silica surface are essentially hydrophobic’9*30. Thus, the data can be interpreted 
in the light of the dual retention mechanism9 which occurs due to the presence of 
“hydrophilic” silanol and “hydrophobic” siloxane groups at the stationary phase 
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Fig. 9. Retention of protected and unprotected heptapeptides on naked silica as a function of the 
eiuent composition. a-0, Boc-Val-Met-Ala-Gly-Val-Ile-Gly-OEt; A-A, NHZ-Val-Met-Ala-GIy- 
Val-lie-Gly-OEt. Column, lO+m Partisil, 250 Y 4.6 mm I.D.; eluent, acetonitrile-aqueous 50 mM 
sodium phosphate buffer, pH 2.25; flow-rate, 1.5 ml/min; detection, UV at 220 nm; temperature, 
25T. For volume fractions of aqueous buffer of 0.1 to 0.75 the K values of the Boc-heptapeptide 
were smaller than the value indicated by the dashed line. 

surface. An analysis similar to that given for the irregular retention of crown ethers on 
octadecyl-silica can be employed to interpret the minima of K KS. y plots observed with 
data obtained by using columns packed with naked silica. In any case the Janus-faced 
behavior of various silica gels -and for that matter perhaps of all other stationary 
phases- should serve as a caveat in mechanistic interpretation of chromatographic 
data. 

Silanophilic interactiom with peptides 
It has been frequently observed in RPC of nitrogenous compounds that plots 

of the logarithmic retention factor ,‘erszrs the composition of binary hydro-organic 
eluents are not linear’9-“:31~3z and even show minima19-zz. In addition, peaks of such 
eluites are often broad and asymmetric, and those phenomena have been attributed 
to interaction with silanols Is_ With these facts in mind, we have investigated the 
retention behavior of some hydrophobic peptides with the N-terminal amino group 
free or blocked with a ferr.-butyloxycarbonyl (Boc) group and the C-terminus in 
the ethyl ester form. The peptides used are fragments of glycophorin A33 and for con- 
venience, we shall use the notation Boc-G, and NH,-G, for heptapeptide fragments 
(G,) having blocked and free N-terminus, respectively. The amino acid sequence of 
G, is Val-Met-Ala-Gly-Val-Ile-Gly. 

The results obtained with NHL-G, and Boc-G, in RPC on Supelcosil LC-8 
by using aqueous methanol or acetonitrile that contained 10 or 50 mM phosphate 
buffer, pH 2.25, are depicted in Fig. 10. It is seen that .x- ES. 7+ plots for NHz-G7 pass 
through a minimum at relatively low water concentrations. In contradistinction 
Boc-G, exhibits regular retention as seen from the linear K vs. y plot. Comparison 
of data suggests that the minimum observed for the unprotected peptide arises from 
a dual retention mechanism involving silanophilic interactions with the free amino 
group in addition to the solvophobic effect usually responsible for retention in RPC. 
Indeed, the interaction may be electrostatic as shown by the approximately five-fold 
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Fig. 10. Retention of NHz-Val-Met-Ala-Gly-Val-Ile-Gly-OEt and Boc-Val-Met-Ala-Gly-Val-IIe- 
Gly-OEt on Supelcosil LC-8 as a function of eluent composition. For volume fractions of aqueous 

buffer of 0.1 to 0.3 the K value of the Boc Iderivative (0) was less than the value indicated by the 
dashed line. Column, Supelcosil LC-8, 150 x 4.6 mm I.D.; eluents, acetonitrile-aqueous 10 mM 
sodium phospkte, pH2.25 (A); acetonitrile-aqueous 50 m&f sodium phosphate, pH 2.25 (v and 
v); and methanol-aqueous 50 mMsodium phosphate, pH 2.25 (0); flow-rate, 1.5 ml/min; temper- 
ature, 25°C; detection, UV at 220 nm. 

increase in the retention factor upon decreasing the phosphate concentration from 
50 to 10 mM_ 

In order to investigate further the interaction between the stationary phase 
and amines, the retention of benzyltriethylammonium bromide was measured on 
LiChrosorb RP-8 with methanol-O.1 M aqueous sodium phosphate, pH 7.0 (10:90) 
as the mobile phase at different sample loads. As shown in Fig. 11, the retention factor 

0 10 
Sample S~ze~rpg] 

eo 90 

Fig. 11. Effect of different amines on the retention of benzyltriethylammonium bromide. Column, 
lO-,um LiChrosorb RP-8,40 x 4.6 mm; eluent, methan&aqueous 0.1 M sodium phosphate, pH 7.0 
(10%) without amine or containing 2.0 ml?4 amine; flow-rate, 2.0 ml/mitt; temperature, 25°C. 
EAE = 2ethylaminoethanol; DMEA = dimethylethanolamine; TEA = triethylamine; DIPA = 
diisopropylamine. 
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decreases dramatically as the amount of sample injected increaszs in the range under 
investigation. However, upon adding N-ethylaminoethanol or dimethylethanolamine 
to the eluent, the effect is reduced and when triethylamine or diisopropylamine is used, 
retention is practically independent of the sample load in the range investigated. The 
results suggest that there is a competition between the amines and the eluite for 
surface silanols and triethyl- or diisopropylamine block the stronger binding sites so 
that they are no longer available to the eluite. Ethanolamines are also expected to 
bind to the silanols via the amine group. Yet, the masking effect of these substances, 
which contain hydroxyl function, appears to be much lower than that of those 
without polar groups besides the amine function. Triethylammonium buffers are 
particularly popular in chromatographyl*sU”’ and other amine buffers have also 
been found to be useful in RPC17. 

The effect of sample size on the retention was also investigated with benzyl- 
triethylammonium bromide and 4-methoxy-I-methylpyridinium iodide at both pH 
2. I2 and pH 8.80 and the results are presented in Fi,. * 12. Whereas at pH 2.12 sample 
size effects on the retention are rather small, at pH 8.80 the sample load dramatically 
affects retention. This behavior can be readily explained by the ionization of silanols 
at alkaline pH that results in a large increase in silanophilic interactions with positively 
charged eluites. 

I I I I 1 1 I 
0 5 IO I5 20 25 M 

Sample Size Irg] 

Fig. 12. Effect of sample size and pH on the retention of 4-methoxy-l-methylpyridinium iodide (0 
and 8) and benzyhriethylammonium bromide (A and A)). Column: LiChrosorb RF-S, 40 x 4.6 mm 
I.D.; eluents, methanol-aqueous 0.1 M sodium phosphate, pH 2.12 (10:90), and methanol-aqueous 
0.1 MTris, pH 8.80 (10:90); for both eluents the ionic strength was brought to 1.125 by the addition 
of sodium sulfate; flow-rate, 2 ml/min; temperature, 25°C; detection, UV at 254 nm. 

Masking of silanols 
Silanophilic interactions are conveniently reduced or eliminated by incotpo- 

ration of an amine, which binds suficiently strongly to surface silanols, in the eluent. 
The spacefilling molecular structures in Fig. 13 illustrate the large size difference 
between the two types of amine that are potentially useful silanol-masking agents in 
RPC. Relatively small molecules such as triethylamine are sufficiently soluble and 
can also serve as buffer components. In order to reduce excess band spreading and 
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Fig. 13, Spacefilling structure of N,N-dimethyldodecylammonium and triethylammonium ions. 

other untoward manifestations associated with silanophilic interactions, sometimes 
high concentrations of these substances are required to be elective. On the other hand, 
amines having a bulky alkyl moiety such as N,N-dimethyldodecylamine are usually 
effective at concentrations as low as 1 mllri because the silanol-amine complex is 
stabilized by hydrophobic interactions between the hydrocarbonaceous ligates of the 
stationary phase and the alkyl chair! of the amine. 

The silanol-masking effect of decyltrimethyl-, dodecyltrimethyl- and hexa- 
decyltrimethylammonium ions was investigated by measuring the retention of 
NH,-G, on both octyl- and octadecyl-silica. The eluent was 90 % acetonitrile and 10 % 
10 mM phosphate in water, pH 2.2, and contained either 1 or 5 mM of the quatemary 
ammonium compound. We used eqn. 9 to estimate silanophilic binding constants 
of the amines, KA, for both stationary phases and the results are listed in Table I. It 
is seen that the most potent silanol scavenger of those tested is hexadecyltrimethyl- 
ammonium bromide, and that efficacy increases with carbon number. Thus, the results 
conform tn the observation that the efficacy of the amines in reducing silanophilic 
interactions increases with the length of the alkyl chain. The reciprocS of the binding 
constant is equal to the concentration of the masking agent at which saturation of the 
silanols is half-maximal. On the other hand, a recommended amine concentration, 
C& for use in RPC can be calculated as that amine concentration which reduces the 
silanol effect by 90%. The values of Cz for the three amines are also included in 
Table I. These results should be considered tentative because the method used for 
determination of the stability constant is highly sensitive to experimental error. 

T_-\BLE I 

’ aRMATION CONSTANTS, K,, FOR COMPLEXES FORMED BETWEEN SURFACE 
SILANOLS AND QUATERNARY AMINES ADDED TO THE ELUENT AS WELL AS THE 
RECOMMENDED AMINE CONCENTRATIONS, C& IN THE ELUENT 
Both octyl-silica (Cs) and octadecyl-silica (C,,) were used and the eluent contained 90% (v/v) of 
acetonitrile and 10 % (v/v) of IO mM phosphate in water, pH 2.2. The co!umns were Supelcosil LC- 
8 and Supelcosil LC-18, respectively. The parameters were calculated from the data by using eqn. 
9. The recommended amine concentration, Cx, is taken as 10 K;‘. 

Alkylammonium compound 

Decyltrimethyl 
Dodecyltrimethyl 
Hexadecvftrimethvl 

K* x IO-‘[iw-‘1 CZ [mMj 

Cs Cm C8 Cl8 

2.3 7.4 4.4 1.3 
7.1 16.0 1.4 0.6 

16.0 23.0 0.6 0.4 
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However, they are expected to serve as a useful guide in the choice of amine con- 
centration. Table I contains data obtained with both octyl- and octadecyl-silicas. 
It is seen that the latter stationary phase binds the silanol-masking agents more 
strongly than does octyl-silica; therefore, silanophilic interactions with such mono- 
meric type stationary phases can be obliterated at a lower concentration of the amine 
when C,, alkyl ligate is used instead of C8 ligate. 

Regrdar retention behavior due to silanol masking 
Silanol groups are frequently regarded as undesirable in RPC3J. Indeed, as 

shown in a previous study5 silanophilic interactions may be responsible for the 
selectivity variation observed with different columns. Moreover, any retention index 
system in RPC’O requires predictable monotonic retention behavior. As shown here, 
when both solvophobic and silanophilic interactions are significant, irregular behavior 

occurs and therefore the construction of such an index for the prediction of retention 
or the tentative identification of sample components becomes exceedingly difficult. 
A rather simple way to circumvent the effect of silanophilic interactions, however, is 
to incorporate an amine in the eluent to scavenge the silanols. The data presented 
here suggest that several amines could be used as effective masking agents at sufficiently 
low concentration to avoid ion-pairin, = effects. Amines containing dodecyl or hexa- 
decyl functions and having modest solubility in the eluent appear to be appropriate 
for use in RPC. 

Amines can be effective, not only in reducing the dependence of retention on 
sample size as well as in improving column efficiency and sample recovery, but also 
in normalizing the retention behavior of nitrogen-bearing eluites. This is clearly seen 
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Fig. 14. Influence of sodium dodecyl sulfate (SDS) and n-butylamine (BuNH,) on the retention of 
NHr-Val-Met-Ala-Gly-Val-IIe-Gly-OEt. Column, Supelcosil LC-8, 150 x 4.6 mm I.D.; eluents, 
acetonitrile-50 mM sodium phosphate in water, pH 2.25, conraining no additive ( x ), 20 mM SDS 
(A> or 10 mMBuNHL (0); flow-rate, 1.5 ml/min; temperature, 25°C; detection, UV at 220 run. For 
volume fractions of aqueous buffer of O-1-0.2 for SDS and of 0.1-0.6 for BuNH, the K v2lues were 
smaller than those indicated by the dashed lines. 
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in Fig. 14, which shows retention factor data for NH,-G, obtained on Supelcosil 
LC-8 with mobile phases composed of acetonitrile and 50 mM phosphate buffer, 
in water, pH 2.25, in various proportions with or without 10 m&f rz-butylamine as 
silanol scavenger. In the absence of butylamine the retention factor is a parabolic 
function of the solvent composition but when butylamine is present the K ES. ye plot 
is linear. The observed regular retention behavior suggests that at this concentration 
of butylamine silanophilic interactions are eliminated and the retention occurs 
essentially by solvophobic mechanism. However, regular retention behavior is 
observed also when sodium dodecylsulfate (SDS) is added to the eluent instead of 
the amine. In this case, the dodecylsulfate hetaeron may form an ion-pair with 
NH,-G, and thereby preclude silanophilic interactions. Alternatively the K VS. ye plot 
may be linear due to solvophobic interactions that govern retention in ion-pair chro- 
matography3~8b8. In any case the result shows that silanophilic retention can be 
eliminated not only by blocking surface silanols but also by masking that function of 
the eluite molecule which interacts with the silanols. 

SiIaizopAiIic interactions and selectivity 
Notwithstanding the general opinion that silanols at the stationary phase 

surface are undesirable in RPC, silanophilic interactions may be quite useful in 
obtaining adequate selectivity for a given separation in chromatographic practice. 
Fig. 15 shows chromatograms of a peptide mixture containing BOC-G,, NKrG7, 
Boc-Leu-Leu-Ile-Ser(Bzl)-Tyr(Bzl)-Gly-OEt, and N H,-Leu-lle-Ser(Bzl)-Tyr(Bzl)- 
Gly-OEt. In Fig. 15A an acceptable separation of the peptides with good resolution 
is observed by using acetonitrile-aqueous 50 ml!4 sodium phosphate, pH 2.25 (9O:lO) 
as the mobile phase. When decyltrimethylammonium chloride is added to the mobile 
phase, however, the resolution deteriorates as shown in Fig. 15B. The loss of resolu- 
tion occurs because the retention of the Boc-peptides remains unchanged but the 
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Fig. 15. Effect of silanol-masking on peptide sepantion. Peptides: 1 = Boc-Val-Met-Ala-Gly-VaI- 
Ile-Gly-OEt ; 2 = Boc-Leu-Leu-Ile-Ser(zl)-Tyr(Bzl)-Gly-OEt ; 3 = NHz-Val-Met-Ala-Gly-Val- 
Ile-Gly-OEt; 4 = NHr-Leu-Ile-Ser@zl)r(Bzl)-Gly-OEt. Column, Supelcosil LC-8, 250 x 4.6 
mm I.D.; eluent, acetonitrile-50 mM sodium phosphate in water, pH 2.25, (9O:lO) without (A) or 
with (I3) 5 m&f dodecyltrimethylammonium chloride; flow-rate: 1.5 ml/min; temperature, 25°C; de- 
tection, UV absorbance at 220 nm. 
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peptides with free amino group elute much more rapidly and are therefore co- 
chromatograpbed with one of the Boc-peptides in the presence of the silanol-masking 
agent. 

Silanophilic interactions can be used to advantage in optimization of sepa- 
rations, and may be particularly availing in preparative-scale chromatography. A 
mixture of interest contained two Boc-peptides and NH,-G,. As seen in Fig. 16, 
the retention factor of NH2-G, is nearly the same when 60% and 80% acetonitrile- 
10 mM aqueous phosphate buffer, pH 2.25, are the mobile phases. However, the 
retention of both Boc-peptides is reduced at higher acetonitrile corlcentrations so that 
the retention of the amine and neutral species are commensurate. This effect is a 
consequence of the minimum in retention factor-cluent composition curve for the 
amino peptide (Fig. 14) and the regular elution behavior of the protected peptide. 
Whereas any given retention factor for the peptide with’ free amino group can be 
obtained at two eluent-compositions, for the blocked peptide each retention factor 
value corresponds to only one composition. Therefore a sufficiently hydrophobic 
peptide and its N-blocked derivative can be conveniently separated in RPC on silica- 
bonded hydrocarbonaceous stationary phases with a hydra-organic eluent without 
silanol-masking agent. Our experience has indicated that blocked hydrophobic 
peptides such as these used here have retention comparable to their unblocked 
congeners in water-lean hydro-organic mobile phases and that the retention of the 
amino-peptide is much greater than that predicted by extrapolation of data obtained 
in water-rich eluent. 

I 

I : 

8. 

3 

MINUTES 

Fig. 16. Effect of solvent composition on peptide separation. Peptides: I = NH,-Val-Met-Ala-Giy- 
VaI-Be-GIy-OEt; 2 = Boc-Be-Ser(Bzl)-Tyr(Bzl)-Gly-OEt; 3 = Boc-Leu-Leu-IIe-Ser(B(Bzl)-Tyr(Bzl)- 
Gly-OEt. Column, Supelcosil LC-8, 150 x 4.6 mm I.D.; eluents: A, acetonitrile-10 mM sodium 
phosphate in water, pH 2.25 (60:40); B, acetonitrile-IO mM sodium phosphate in water, pH 2.25 
(80:20); fiow-rate, 1.5 mi/min; temperature, 25°C; detection: UV absorbance at 220 nm. 
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CONCLUSIOPrS 

(1) When retention factors measured on silica-bound hydrocarbonaceous 
stationary phases with binary hydra-organic eluents are plotted against the eluent 
composition, minima are observed not only with crown ethers but also with amino 
peptides. 

(2) A dual retention mechanism involving both solvophobic and silanophilic 
interactions is believed to be responsible for such irregular retention behavior. 

(3) With the above substances RPC occurs when columns packed with naked 
silica gel and aqueous eluents are used. 

(4) Consequently, the term RPC may be applied to any chromatographic 
system that entails a mobile phase more polar than the stationary phase and is not 
necessarily restricted to the use of so-called non-polar stationary phases. 

(5) Irregular retention behavior observed in RPC with naked silica is also 
attributed to the dual retention mechanism_ 

(6) With hydrocarbonaceous bonded phases regular retention behavior, i.e., 
linear dependence of the logarithmic retention factor on the composition of the 
binary hydra-organic eluent, is obtained upon masking the silanol groups at the 
stationary phase surface with a suitable amino compound in the eluent. 

(7) Blocking the cationic functions of the eluite molecule has the same effect. 
(8) Despite the sometimes favorable effect of silanophilic interactions on chro- 

matographic selectivity, we recommend that in RPC with silica-bonded hydro- 
carbonaceous stationary phases silanol-masking agents be used in the eluent in order 
to obtain reproducible results and the regular retention behavior needed for a hydro- 
phobic index system based on chromatographic data. 

(9) Methods are presented for the evaluation of the efficacy of silanol-blocking 
agents. 
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