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An Evolution in Separation Media for HPLC by Les Brown, Bill Ciccone, Joseph J. Pesek, and Maria T. Matyska When compared to other commercially available materials, silica as a solid support for HPLC stationary phases continues to dominate with respect to the number of practical applications and overall sales in the HPLC column market. In addition to the desirable properties of high mechanical strength and the ability to accurately fabricate particles of a specific diameter, pore size, and surface area, silica has evolved to meet the everincreasing demands of more challenging analytical and preparative separations. Irregular-shaped silica particles of a wide pore size distribution were the original support used in HPLC columns since they were the best technology available at the time. Due to inherent deficiencies and inconsistencies, these columns limited chromatographers to the use of organic solvents for organic normal-phase chromatography and were not generally considered reproducible. To achieve aqueous reversed-phase separations, silica had to be bonded with lowpolarity organo-silanes using siloxane-bonding technology. 1 The siloxane (Si–O–Si–C) bonds used in this process can be hydrolytically susceptible to attachment failure and, during the lifetime of the column, can result in separation problems when



working at high or low pH or with strong buffers or ion pair reagents. Spherical-shaped silica particles of 10-µm and later 5-µm particle size were a significant advance in HPLC supports.1 The uniformity of shape and size allowed for better-packed columns, which resulted in increased precision and ruggedness. These tightly controlled particles did not create “fines” as do irregular-shaped particles, creating columns that lasted longer and were more stable. Even with the above HPLC phase improvements, separations still suffered from frequent tailing problems when basic compounds were separated at an acceptable pH for silica-based columns. Today, aqueous reversed-phase separations are the international standard and are predominantly performed on silica bonded with hydrocarbons, mainly C8 and C18. The next evolution in HPLC column supports was the development of high-purity silica, produced specifically to minimize the amount of trace metals in the silica lattice. The low metal content (especially aluminum) minimizes the effect of free residual silanols on solute interaction when the latter are ionized. This improvement was referred to as type B silica 1 to differentiate it from the lower-purity, higher metal content, and more acidic



material that preceded it. These and other advances in silica technology resulted in more effective peak shape, increased pH stability, and improved packed-bed stability for chromatographic applications. TYPE-C Silica™ HPLC products (MicroSolv Technology Corp., Long Branch, NJ) are based on the high-purity, low metal content manufacturing technology of type B silica.2 A comparison of type B and TYPE-C Silica is given in Figure 1.3 As shown, the surface of the latter is largely populated with nonpolar silicon–hydride (Si–H) groups instead of the polar silanol groups (Si–OH) that cover the surface of earlier varieties of silica (irregular, type A, and type B). This feature of TYPE-C Silica particles provides it with many useful chromatographic qualities. In summary, TYPE-C Silica can be considered the next step in the continuing evolution of irregular silica to spherical silica (later termed type A) to high-purity, low metal content spherical silica (termed type B) to TYPE-C Silica, low metal content spherical silica with a hydride surface containing 10 times less silanol activity than an end-capped type B silica.4



Limitations of type B silica Traditional silica-based HPLC sta-
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Figure 1



A comparison of the surface chemistry of type B and TYPE-C Silica.



tionary phases have polar, acidic silanol (Si–OH) functional groups on the surface. Even with endcapping technology, after exhaustive bonding, as much as 30–50% of the silanols can remain unbonded and contribute to unwanted separation results due to electrostatic interaction with solutes.1 To minimize type B silica silanols, it is often desirable to use small end-capping groups such as C1 to cover these sites. The disadvantage of this design is that these small groups are readily hydrolyzed in reversed-phase mobile phases that have a pH below 3. This column technology is therefore suited to a higher pH range, i.e., 5–8. Since many of the silanol sites are not fully ionized in the 24
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mid-pH range, use of this approach can cause a lack of method precision. Silanols may be fully ionized (and therefore do not contribute to poor precision) at higher pH, but these conditions cause the partial dissolution of silica; end-capping can be somewhat effective at retarding this dissolution (which begins to occur at and above pH 7.1). Most loss of retention at high pH is not due to the loss of bonded phase and endcapping groups (lost to hydrolysis) as it is at low pH, but rather is a result of dissolution of the underlying silica bed that culminates in the production of newly formed silanol sites causing a change of carbon load and instability of the packed column.



Silica-based HPLC stationary phases generally have mixed separation mechanisms involving both reversed-phase type interactions with the bonded ligands and normal-phase type interactions with the silanol groups on the silica support. High carbon loadings of HPLC columns (achieved through organic bonding schemes) were developed to minimize this effect. The disadvantage of high carbon loading is that it reduces the ability to separate highly polar compounds and limits the number of analytes that can be separated successfully with these phases, although such materials can perform well for protonated compounds. For carrying out normalphase HPLC only, unbonded silica or specialty bonded phases such as cyano or amino have been used with silicas. Irregular, type A, and type B silica supports are hydroscopic in nature; they strongly retain water, which is the most polar common HPLC solvent. Water is present in the atmosphere in different amounts, and organic solvents may adsorb it variably, depending on the atmospheric conditions and type of solvent used. This can lead to retention time variability in organic normal-phase separations unless adequate precautions are taken. Long, tedious steps are often needed to tightly control the water content in the mobile phase solvents when carrying out organic normal phase on irregular, type A, or type B silicas.



Properties of TYPE-C Silica There are two basic mechanisms that create retention of solutes in HPLC: partitioning and adsorption. Partitioning can be loosely defined as the relative distribution of a solute between two or more phases, while adsorption refers to the attractive forces between



solutes and a solid surface. In HPLC columns, different retention phenomena take place in a range of degrees on the stationary phases and within the mobile phases. The silica surface and bonded phase of HPLC columns are responsible for adsorption. Partitioning occurs on the quasiliquid phase layer that forms around the surface of the stationary phase. The liquid stationary phase is formed by solvating it primarily with water, but other polar organic solvents can coexist in a hydration shell. This hydration shell, which forms around the stationary phase, contributes to the separation mechanism in conjunction with the underlying solid phase. Depending on the bonded phase and liquid phase that form, the amount of partitioning will vary. With type B silica based reversed-phase columns working in aqueous reversed phase, water is readily adsorbed onto the silica surface, which contains active silanol groups. This strong adsorption of water forms a durable hydration shell that is responsible for longer equilibration times/pH hysteresis and lack of reproducibility in type B-based C18, C8, and C4 reversed-phase separations in addition to other chromatographic problems. This is often the case when using type Bbased polar-embedded phases. Strong adsorption of water to type B silica has made the use of organic normal-phase chromatography difficult. The Si–H groups found on the surface of TYPE-C Silica are not prone to such strong water retention, making it a goo d choice for organic normal phase and offering improvements in speed and range of solvents. The weaker water adsorption also accounts for the minimal amount of hysteresis observed when changing from organic



normal to aqueous normal/ reversed phase with TYPE-C Silica and reversed-phase products based on evolutionary silica, 5 or when changing pH with TYPEC Silica based HPLC columns s u c h a s t h e p o l a r- e m b e d d e d Cogent UDC-Cholesterol™ column (MicroSolv Technology Corp.). Because of this, the column is preferable to type B p o l a r- e m b e d d e d p h a s e s t h a t often exhibit long-term memory effects. TYPE-C Silica columns can be used in any of the following modes: aqueous reversed-phase (ARP), aqueous normal-phase (ANP) (sometimes known as hydrophilic interaction), and organic normalphase (ONP). In fact, the silica and all of the bonded phases based on it can operate in ARP or ANP mode, a trait traditionally reserved for polar phases such as cyano, phenyl, and pentafluorophenyl (F5). 5 Methods that utilize a mobile phase consisting of water



Figure 2



(solvent A) and acetonitrile (solvent B, which is less polar) and vary the concentration of B from 0% to between 50 and 70% produce analyte retention, which increases as the least polar solvent (B) is reduced or the most polar solvent (A) is increased. With 100% aqueous (A, the more polar solvent), retention is greatest. Of note is that, when analyzing ionizable (acids or bases) compounds, if an appropriately charged state (pH) is used and the acetonitrile (solvent B) concentration is above 50–70%, a different secondary maximum retention at 100% acetonitrile (solvent B) occurs. From this maximum retention, which occurs at 100% acetonitrile (solvent B), the retention time decreases as the more polar solvent A (aqueous) increases. This normalphase separation uses an aqueous mobile phase. Thus, for the same compounds, the elution order and retention times can be changed either by altering the pH (removing the charged state) or the or-



Reversed-phase response on a bare, nonmodified, non-end-capped TYPE-C Silica.
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ganic concentration of the mobile phase. In both the aqueous (using water) and organic (using nonpolar solvents) normal-phase modes, as the more polar solvent increases, the retention time of the analyte decreases. The elution order is based on the functionality/ionic state of the analytes. The maximum retention of the analytes is at 100% concentration of the least polar solvent. This is a definition of normal phase.



Figure 3



The reversed-phase property of the TYPE-C Silica column is demonstrated in Figure 2. As shown, the solutes are eluted in a typical reversed-phase order, i.e., from the most polar to the least polar. The mobile phase composition of 60:40 water/acetonitrile is also well within the accepted range of a reversed-phase solvent composition. The efficiency and peak symmetry of the solutes are very good. This type of separation could not be achieved using traditional silica. The example shown in Figure 2 was also examined with Cogent type B silica from the same production batch prior to TYPE-C production, tested as type B silica without hydride treatment. All of the standards shown eluted in the tested reversed-phase conditions on or very near the solvent front. In contrast, TYPE-C Silica, as the final product with a surface having silicon–hydride coverage, exhibited acceptable reversed-phase selectivity with high plate per meter (p/m) count (approx. 90,000–100,000 p/m) and good asymmetry (USP method of 1.01–1.3). Since there is no bonded carbon phase, the TYPE-C Silica column offers phase stability chromatography from at least pH 2 to 8. This is a major requirement for many laboratory /pilot/preparative applications and a desirable feature for LC-MS. It is anticipated that unbonded TYPE26
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Chemical structure of metformin.



C Silica will be utilized primarily in the organic normal-phase mode, and that the bonded silica will be used principally in aqueous reversed-phase and aqueous normalphase modes; there is also a possibility that all phases will be employed in all modes.



Versatility of TYPE-C Silica and associated bonded phases Two compounds with vastly different properties were selected to investigate the different separation modes of the TYPE-C Silica based UDC-Cholesterol column. The pharmaceutical formulations (antidiabetic drug) of the highly polar molecule, metformin (log P of –2.64) (Figure 3), and the relatively nonpolar molecule glyburide (log P of +4.79) (Figure 4) were chosen. An ideal method is a quick and simple isocratic analysis. Figure 5 shows three chromatographic options for the separation of metformin and



Figure 4



Chemical structure of glyburide.



glyburide. The first and third chromatographs show the least polar compound eluting first, and the second chromatograph shows the most polar compound (metformin) eluting first. By manipulating the metformin ANP response and glyburide ARP response, that is, by using the fundamental difference in their retention characteristics, it is possible to easily position either the highly polar or the mid-polar peak first and have the second nearby or infinitely retained.6 It is even feasible to make these compounds of extremely different polarity (log P differences of over a million) to coelute.



Development of a real-life method with TYPE-C Silica based columns To develop this isocratic method, first the ANP separation of metformin must be defined, since it is so polar that it cannot be retained on type B phase columns (C8, C18, cyano, phenyl, F5, and amino). Because metformin is a highly polar basic compound, an acidic eluent should be used first. A: Solvent = 0.05% vol/vol H3PO4 (0.5 mL of 85% concentrated H3PO4 to 1 L with distilled water) B: Solvent = acetonitrile By beginning with 20% B, the polar



bases will elute near the solvent front. Next, the percentage of B is progressively increased to 30, 40, 50, 60, 70, 80, etc., until a polar base begins to be retained longer as the percentage of B increases. The optimal concentration will probably be between 50 and 70%. However, the behavior of other nontarget peaks should be monitored and noted. A compound that is moderately polar, such as glyburide, should separate in ARP order. Therefore, it is best to start with 90% B and expect no retention with solvent front elution. The next step is to gradually reduce the percentage of acetonitrile to obtain the desired retention. The final stage is to optimize for rapid, isocratic, and baseline resolution of target compounds from the formulation matrix.



TYPE-C Silica and associated bonded offerings At present, there are three TYPE-C Silica based products available: Cogent TYPE-C Silica, Cogent Bidentate C18™, and Cogent UDC-Cholesterol. The structures of the phases are shown in Figure 6. Each distinctly different product can be used in a number of well-defined situations. The potential applications of these phases are as follows: 1. Cogent TYPE-C Silica (unbonded). These are used primarily for the ONP mode as an alternative to traditional silica in analytical, laboratory preparative, and process organic normal-phase separations. The lack of dependence on the critical content of water and the ability to use the full continuum of normal phase from hexane/ethyl acetate to a polar phase like acetonitrile/water while still in normal phase are major advantages in preparative applications compared to irregular, type A, or type B silicas. The ability of TYPE-C Silica



Figure 5 Changing elution order of metformin and glyburide by changing the percent concentration of acetonitrile (run time 
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