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Abstract 

 
DEVELOPMENT OF ULTRAHIGH PERFORMANCE CHIRAL PHASES  

FOR SEPARATIONS APPROACHING THE SPEED OF SENSORS 

 

 

Darshan C. Patel, PhD 

 

The University of Texas at Arlington, 2017 

 

Supervising Professor: Daniel W. Armstrong 

Chromatography using chiral stationary phases is the most effective and popular 

technique for qualitative and quantitative analysis of enantiomers in the pharmaceutical, 

agricultural, and food industry, among many others. Given the prevalence of chirality in 

nature, creation of new technologies for improving the speed and performance of chiral 

separations can provide immediate and significant benefits. This dissertation focuses on 

development of ultrahigh performance chiral phases which can provide separations at 

speeds that approach the speed of typical sensors and thereby enable chromatography 

as a real-time analysis tool. A variety of chiral selectors namely macrocyclic 

glycopeptides (teicoplanin, teicoplanin aglycone, vancomycin), cyclic oligosaccharides 

(derivatized cyclofructans, derivatized cyclodextrins), and cinchona anion exchangers 

(derivatized quinine) are utilized for their high-selectivity and versatility in operating under 

different chromatographic modes. Effects of bonding chemistry on selector performance 

is also studied. 

Superficially porous particles were chosen as stationary phase supports to 

exploit their high-efficiency, modest backpressure, and reduced retention in high-

throughput separations. Once synthesized, stationary phase packing must be optimized 



vii 

to obtain high-efficiency columns. Fundamental studies on high-pressure slurry packing 

revealed the effects of non-Newtonian fluids and their impact on packed bed 

homogeneities. Several metrics were developed to qualitatively analyze the behavior of 

suspensions and successfully predict the type of bed that is likely to be formed. Effective 

and general slurry optimization techniques were developed to obtain high efficiencies and 

symmetric peak shapes. A novel peak shape analysis was also developed to identify and 

quantify concurrent fronting and tailing of peaks in order to optimize packing methods for 

modern high-efficiency stationary phase supports.  

Also studied were instrumental optimizations such as extra-column band 

broadening, detector artifacts and peak shape distortions, and frictional heat when 

operating at high flow rates. With high-efficiency and high-selectivity stationary phases 

and an optimized instrument, a plethora of sub-minute and sub-second separations were 

developed for chiral and achiral analytes. Further, application of resolution enhancement 

techniques such as segmented peak sharpening based on derivatives and extra-column 

band broadening correction through Fourier transform is demonstrated. For showcasing 

the ultimate capability of ultrahigh performance chiral phases, a sub-second separation of 

10 peaks also is shown.  
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Chapter 1  

Introduction 

1.1 Prevalence of Chirality in Nature 

Chirality is deeply embedded in all biological systems and chiral analysis is 

prevalent in fields of pharmaceutical, agricultural, food, environmental, and forensic 

science among others. Chiral auxiliaries and catalysts play important role in asymmetric 

synthesis.1 Chiral separations can help determine enantiopurity, such as existence and 

levels of non-prevalent D-amino acids in living systems, which could be important to 

biological processes.2 For drug molecules that possess stereocenters, each enantiomer 

can exhibit a different efficacy, toxicity, and pharmacokinetic profile and therefore must 

be evaluated individually as well as in their racemic form before being administered.3,4 

Separation and characterization of chiral compounds is critical to the drug development 

process since more than 80% of the new drugs introduced this century contain at least 

one stereocenter. Further, for more than 70% of those drugs, a single enantiomer is the 

active pharmaceutical ingredient (API).3,4 Presence of a non-active enantiomer in the 

drug may enhance, suppress, or have no effect on the efficacy and toxicity of the active 

pharmaceutical ingredient (API).4,5 High performance liquid chromatography (HPLC) or 

supercritical fluid chromatography (SFC) coupled with a chiral stationary phase (CSP) is 

a highly selective and effective method of chiral analysis and, accordingly, the most 

widely used technique.4 Development of ultrahigh performance chiral phases that can 

provide cost-effective and rapid separations can help in all areas of chiral analysis.  

Chromatographic separations are primarily governed by the selectivity, retention 

factors, and efficiency.6 Resolution of species relates to these three important parameters 

as described in Equation 1-1, derived based on work of J. H. Purnell,7  
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where RS = resolution, N2 = efficiency of the second peak, α = selectivity, and k2 

= retention factor of the second analyte. A graphical representation of this equation can 

be seen in Figure 1-1. The operating region required for each parameter for ultrafast (< 

60 s) separations are highlighted.8 Each contributing factor to the resolution is considered 

at length below. 

 

Figure 1-1. A graphical representation of the impact of selectivity (α), efficiency (N), and 
retention factor (k) on resolution. The operating range for parameters required for 

ultrafast separation has been highlighted in yellow. Data source: reference 8.  

 
1.2 Selectivity (α) 

Selectivity α is the ratio of retention factors of two analytes k2/k1. Figure 1-1 

shows that a change in selectivity has the greatest impact on the resolution. Logically, 
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since its inception, the advances in the field of chiral separations have primarily focused 

on development of new or improved selectivity through design of novel chiral selectors.9-

20 Obtaining selectivity for chiral discrimination of enantiomers is particularly difficult due 

to multiple different interactions required.21 These interactions can be ionic, π-π stacking, 

dipole-dipole, hydrogen bonding, electron donating/accepting, steric, and others.21 A 

mature technique, chiral separations are still among the most challenging of all 

chromatographic separations as chiral interactions still cannot be completely predicted 

and require a trial-and-error approach.22 The highlighted region for selectivity x-axis in 

Figure 1-1 indicates that selectivity value of 1.15 or greater are typically necessary for 

ultrafast separations. Based on this, high-selectivity chiral selectors namely derivatized 

cyclodextrins, derivatized cyclofructans, macrocyclic antibiotic, and cinchona based 

anion-exchangers, were utilized in Chapters 5-7 to obtain rapid chiral separations with 

analysis times ranging from 40 seconds to sub-second for a large number of analytes of 

varying polarities. The separations were obtained in normal phase mode (NPLC), 

reversed phase mode (RPLC), polar organic mode (POM), and polar ionic mode (PIM). 

Compatibility of polar organic and reversed phase mode with mass spectrometry (MS) 

makes these chiral selectors attractive for chiral LC-MS. 

 

1.2.1 Recent Developments in the Selectivity of Chiral Phases 

Chiral crown ethers were first utilized as chiral selectors by Cram and co-workers 

in the late 1970’s.23,24 In the early 1980’s, Armstrong and coworkers introduced cyclic 

oligosaccharide cyclodextrins and functionalized cyclodextrins (Figure 1-2) which 

provided separations of a wide variety of analyte classes in different modes. 

Hydroxypropyl derivatized-β-cyclodextrin selector bonded to superficially porous particles 

(SPPs) was used in Chapter 6 of this dissertation for ultrafast chiral separations in RPLC 
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mode. Pirkle and co-workers demonstrated π-complex type N-derivatized amino acid 

based chiral stationary phases (Figure 1-3).12,13,15,25 These stationary phases work 

primarily in normal phase mode as well as SFC. Being synthetic chiral molecules, π-

complex chiral selectors can provide reverse elution orders by switching to the opposite 

enantiomer configuration of the selector.25 Concurrently, protein based chiral selectors 

were reported followed by introduction of derivatized cellulose and amylose based coated 

or immobilized polysaccharide stationary phases.20,26,27 

 

Figure 1-2. Structure of cyclodextrin, a cyclic oligosaccharide used as a chiral selector in 
its native and functionalized form. 
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Figure 1-3. Structure of 3,5-dinitrobenzoyl-D-phenylglycine, a Pirkle-type π-complex 

chiral selector. 

 
 

In the early 1990’s, the strength of macrocyclic glycopeptides, namely 

teicoplanin, vancomycin, and teicoplanin aglycone, as chiral recognition media was 

demonstrated.10,28 See Figure 1-4 for structure of these chiral selectors. They were 

shown to be particularly advantageous for separation of native and N-derivatized amino 

acids in addition to many other functional groups. Chapter 6 shows the performance of 

these chiral selectors when bonded to SPPs for ultrafast separations. Teicoplanin bonded 

to SPP was further utilized in Chapter 7 for sub-second separations.  
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Figure 1-4. Structures of macrocyclic antibiotics (specifically, glycopeptides) used as 
chiral selectors. (A) Teicoplanin, (B) Vancomycin, (C) Teicoplanin aglycone. 
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In the mid-1990’s, derivatized cinchona alkaloids were used as anion-exchangers 

for separation of chiral acids by Lindner and coworkers.16,17 They showed enhanced 

selectivity in particular for N-blocked amino acids. Interestingly, quinine and quinidine 

selectors can also produce reversed elution order in many cases. The performance of 

derivatized quinine (Figure 1-5) bonded to SPPs, via two different chemistries, is 

discussed in Chapter 5 of this dissertation. Hydrosilated quinine is further used in 

Chapter 7 for sub-second separations, including a sub-second separation of two different 

chiral analytes in a single sample.  

 

 
Figure 1-5. Structure of tert-butyl carbamoylated quinine, an anion-exchanger. 

 
A recent new class of chiral selectors in the form of cyclic oligosaccharide 

cyclofructan and its derivatives was introduced in 2009.9,29,30 The cyclofructans are cyclic 

fructofuranose oligomers and have a unique crown ether core which forms complexes 

with a number of cations including ammonium (NH4
+) and potassium (K+). These 

selectors show particular affinity towards primary amines. Structures of cyclofructan 6 

and cyclofructan 7 are shown in Figure 1-6. Chapter 2 of this dissertation shows 

performance of three derivatized cyclofructan stationary phases for the first reported 

chiral separations of 30 novel atropisomers (axially chiral), many of which are important 

in asymmetric synthesis as well as potential anti-bacterial agents.31,32 These selectors 
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were bonded to SPPs and utilized for ultrafast separations in Chapter 6 of this 

dissertation.  

 

Figure 1-6. Structure of cyclic oligosaccharide chiral selectors (A) Cyclofructan 6 and (B) 
Cyclofructan 7.  

 

 
1.3 Efficiency (N) 

Since the dawn of chiral HPLC, a strong focus on devising new and improved 

selectors to enhance the principal separation factor, selectivity, led to neglect of 

improvements in areas such as efficiency and kinetic performance for HPLC columns. 

Few researchers focused on developing more efficient stationary phases while the field of 

column packing remained largely empirical in nature.33-35 In an effort to improve 

efficiencies, the concept of superficially porous particles (SPPs) originated in 1967 with 

work of Horváth and Lin who coated thin polymer layer on glass beads.34 In 1970s, J. J. 

Kirkland first developed the 50 μm diameter silica version of the SPP and 10 μm diameter 
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in 1990s.36 However, these advances remained a niche academic interest and 

unfortunately did not garner widespread interest or adoption at the time.36 Turn of the 

century saw advances in high-throughput chemistry, combinatorial synthesis, and 

automated laboratory instrumentation which enabled researchers to perform thousands 

of small-scale reactions routinely.37-42 This created an incentive to develop high-

throughput screening and separation methods and high-efficiency columns packed with 

sub-2 μm FPPs and new generation of 2.7 μm SPPs rose in popularity.43,44 Higher 

efficiencies result in faster analysis, improved separation of species, better sensitivity, a 

more robust method, and easier quantitation of low-abundant species such as trace level 

impurities.  

 

1.3.1 Superficially Porous Particles (SPPs) 

Superficially porous particles (SPPs) have a solid, impermeable core surrounded 

by a porous layer. The new generation of 2.7 μm SPPs introduced in 2007 quickly gained 

widespread popularity due to their high-efficiency at modest backpressures compared to 

sub-2 μm FPPs which allowed their use on normal 400-600 bar pressure limit HPLCs.43 

The 2.7 μm SPPs provide efficiencies comparable to sub-2 μm FPPs on normal HPLC 

instrument which are ubiquitous in research laboratories and more cost-effective 

compared to UHPLCs. When packed well, SPP based stationary phases provide very 

high efficiencies (up to 250,000-350,000 N/m for 2.7 μm SPP based commercial C18 

columns) at modest backpressure and perform better than their FPP counterpart of 

equivalent size.45,46 SPPs bonded to conventional reversed phase non-polar C18 or C8 

stationary phases can routinely yield reduced plate heights (h = H/dp, where H = height 

equivalent to theoretical plate, dp = particle size) in range of 1.4-1.7.47,48 The high 

efficiency of SPPs comes from reduced contribution to band broadening, especially the 
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eddy dispersion (A term), along with minor improvements from longitudinal diffusion (B 

term) and resistance to mass transfer (C term) in van Deemter equation.49 The 

obstruction factor of the packed bed determines the longitudinal diffusion of the analyte 

band.50 The solid core of SPPs has a greater obstruction factor and, consequently, has a 

lower contribution to the band broadening.50 The shorter diffusional path length of SPPs 

lead to lower trans-particle diffusion.39,40 The shorter porous path length can also improve 

the mass transfer kinetics and reduce the contribution to the band broadening for large 

molecules with small diffusion coefficients as well as small molecules with slow 

adsorption-desorption kinetics.49,51 This reduced contribution is very important for high-

throughput separations which will utilize higher flow rates and likely operate in C-term 

dominant area of the van Deemter curve.52 Note that the primary reason for efficiency 

improvement for SPPs is the reduced contributions from eddy dispersion term (A term), 

and contribution from potential improvements in B and C terms are secondary.49  

Indeed, the SPP silica has reduced surface area compared to FPP silica. 

However, the selectivity of FPP can be obtained on SPP silica by maintaining a similar 

surface coverage of the selector on the surface of the silica, allowing roughly the same 

number of interactions per surface area to the analyte.53,54 The reduced surface area of 

SPP also leads to reduced retention of analytes (up to 40% lower compared to FPP of 

equivalent size) which is beneficial for reducing analysis times. In retrospect, relatively 

modest backpressure, high-efficiency, and reduced retention of SPPs make them 

particularly attractive for creating ultrahigh performance phases for high-throughput 

separations. 

 



 

11 
 

1.3.2 High-Pressure Slurry Packing 

Column packing is an essential step, perhaps the most difficult one, when 

creating new stationary phases. To effectively evaluate a new stationary phase, it must 

be properly packed to form a high-efficiency column which is a multidisciplinary science 

transcending fields of chemistry, fluid mechanics, rheology, and high-pressure 

engineering. Column packing has long been considered an art and there is a striking lack 

of published literature on this crucial topic.55 Relatively few studies have paid attention to 

the phenomena behind the behavior of non-Newtonian suspensions under high-pressure 

and their effect on packed bed homogeneity.56-58 Wahab et al. described an important 

and general phenomena for analytical columns in that dispersed slurries pack better than 

agglomerated slurries.57 Jorgenson and coworkers have found the agglomerated slurries 

to work well for capillary columns packed with C18 particles.56 Microscopy of a stationary 

phase suspension in a chosen slurry solvent can reveal the behavior of the slurry and its 

impact on column packing. Over the years, researchers have placed greater emphasis on 

reducing the particle size of the stationary phase over improving their packing 

methodologies to obtain higher efficiencies.59 Reducing the particle size does not 

necessarily provide the theoretically expected improved efficiencies. As particle sizes get 

smaller, the columns become increasingly more difficult to pack. For example, an attempt 

of creating sub-1 μm FPP based cyclodextrin column resulted in 50,000-70,000 N/m,60  

which would have provided a column performance roughly equivalent to one packed with 

5 μm particle along with drawbacks of high backpressures of sub-1 μm particles. 

Examples of poor efficiency columns packed with 1.5 μm diameter SPPs have also been 

reported.61 A clear understanding of particle rheology, predicting the behavior of slurries 

under high-pressures, and a logical approach to method optimization is necessary to 

repeatedly obtain near intrinsic efficiencies of smaller particle sizes.  
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From Figure 1-1, it is clear that efficiency, N, has the second greatest impact on 

resolution, and Equation 1-1 shows that RS ∝ √𝑁. For example, doubling the efficiency 

would only improve resolution by factor of 1.4. When considering the ultrafast 

separations, efficiency plays a critical role. The highlighted region in Figure 1-1 for N 

shows that short columns (0.5-3 cm length) used for ultrafast separations typically 

provide 250-2000 plates at high flow rates. It becomes increasingly difficult to obtain 

baseline resolutions for species when the efficiency of short columns is further affected 

by extra-column band broadening. As mobile phase elution strengths are adjusted to 

reduce the retention factor of analytes and, possibly, the selectivity, the efficiency must 

be sufficiently high to negate the negative impact of decreased α and k to maintain 

baseline resolution (Equation 1-1). Optimizing the packing of short columns, use of high-

efficiency SPP or sub-2 μm FPP, optimizing the system for low extra-column volume, and 

using detector with high sampling frequencies and low response times are essential to 

obtaining baseline ultrafast separations. Chapter 4 of this dissertation will delve into the 

intricacies of new-Newtonian suspensions and their vital role in packed bed homogeneity 

in high-pressure slurry packing.  

 

1.3.3 Recent Developments in the Efficiency of Chiral Phases 

Chiral separations are thought to be inherently less efficient due to multiple 

simultaneous interactions required for enantiomeric discrimination and widespread use of 

5-10 μm diameter FPP silica stationary phase that produce 40,000-50,000 N/m and 10-

30 min analysis times. being standard. Researchers have started to exploit the higher 

efficiencies of sub-2 μm FPPs and 2.7 μm SPPs in chiral separations. In 2010. Gasparrini 

and coworkers demonstrated the first major successful example with π-complex type 

stationary phase diaminocyclohexane derivative followed by Whelk-O selector on sub-2 
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μm FPPs, showing a few examples of ultrafast chiral separations.62,63 Lindner and 

coworkers first sought to take advantage of high-efficiency of 3 μm SPPs in a cinchona-

type anion-exchanger quinidine stationary phase for chiral separation of derivatized 

amino acids.64 Soon after, coated polysaccharide based SPP CSP and brush-type 

covalently bonded cyclic oligosaccharide SPP CSPs were reported.53,65,66 From these 

reports, it is clear that high-efficiency sub-2 μm FPPs and SPPs can help bring chiral 

separations to the high-throughput regime and enable rapid screening and analysis of a 

plethora of compounds. Fast separations can be used as 2nd dimension of two-

dimensional liquid chromatography (2DLC) as well for on-line liquid chromatography. The 

focus of this dissertation is to develop ultrahigh performance chiral phases with high-

selectivity, high-efficiency, and high stability to perform sub-second separations which 

can approach the speed of common sensors.  

 
1.4 Green Chiral Separations Using Supercritical Fluids 

Supercritical fluid chromatography is analogous to normal phase LC as it uses a 

polar stationary phase with non-polar mobile phases, with an important exception of the 

mobile phase being a super/subcritical fluid, typically CO2 with a modifier. Consequently, 

SFC is a “greener” alternative to HPLC and can significantly reduce the operating cost 

and toxic waste produced.67 In recent years, SFC has gained popularity for chiral 

separations, especially for preparative applications in pharmaceutical industry.22,68-71 SFC 

has several distinct advantages when it comes to chromatography. The lower mobile 

phase viscosity allows higher flow rates while faster diffusion of analytes into the mobile 

phase can reduce the resistance to mass transfer (C term in van Deemter equation), 

making it possible to obtain higher-efficiencies, reduced analysis times, and improved 

peak shapes.22,70 Additionally, for preparative applications, SFC is particularly 
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advantageous because of reduced solvent consumption and necessity to only evaporate 

the modifier from collected fractions to obtain desired analytes.68 SFC can also be used 

for fast method development of chiral analytes.22 Quinine based SPP CSPs prepared in 

Chapter 5 are evaluated in SFC and their capability to produce ultrafast SFC separations 

is shown.  

1.5 Hydrophilic Interaction Liquid Chromatography (HILIC) 

Hydrophilic Interaction Liquid Chromatography (HILIC) is an alternative to RPLC 

for separation of polar analytes that do not have sufficient retention in the RPLC mode. 

HILIC utilizes a polar stationary phase and an aqueous-organic mobile phase with 

particularly high organic content. The HILIC stationary phase can be bare silica or silica 

derivatized with a polar selector and typical mobile phases consisting of acetonitrile and 

1-40% v/v of aqueous content. The primary mode of separation is partitioning of polar 

analytes between the organic rich mobile phase and the water-rich layer solvated on the 

stationary phase surface in addition to interactions such as hydrogen bonding, dipolar 

interactions, and electrostatic interactions. As a rule of thumb, analytes can be 

considered suitable for HILIC analysis if their Log P (lipophilicity or analyte partition 

coefficient between octanol-water) < 0 or they elute before caffeine in RPLC mode. HILIC 

is MS compatible and a popular technique in proteomics and metabolomics research. In 

later parts of this dissertation (Chapter 7), sub-second HILIC separations are presented 

for important classes of compounds such as nucleosides, plant hormones, and salicylic 

acid related analytes as well as a sub-second separation of 10 peaks to demonstrate the 

ultimate capability of ultrahigh performance phases developed in this work.  
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1.6 Research Objectives and Organization of the Dissertation 

The primary motivation behind the research described in this dissertation is to 

elevate chiral separations to the high-efficiency regime and enable chromatographic 

separations that approach the speed of common sensors. Studies include synthesis of 

high-selectivity stationary phases, optimization of surface derivatization of high-efficiency 

SPPs, devising novel packing methods, and developing fast separations ranging from 

sub-minute to sub-second in analysis time. Chapter 2 compares the selectivity and 

performance of cyclofructan derivatives for chiral separations of 30 novel atropisomers. A 

new total peak shape analysis approach is demonstrated in Chapter 3 along with its 

application in column packing optimizations. The effectiveness of the new automated 

approach in detecting concurrent fronting and tailing on chromatography peaks is 

demonstrated. Chapter 4 is an account of fundamental studies on high-pressure slurry 

packing for modern high-efficiency columns using sub-2 μm FPPs and 2.7 μm SPPs. 

Generalized tests to predict packing behavior as well as practical examples are shown 

along with a flow chart for packing optimization.  

Chapter 5 shows performance comparison of a quinine derivative anion-

exchanger bonded to SPPs with its FPP silica based commercial counterpart using 

geometry-independent kinetic plots. Different bonding chemistries and their effects on 

selectivity and kinetic performance are studied while capability of SPP phases in ultrafast 

separation is evaluated. Chapter 6 focuses on fundamental studies on ultrafast (< 60 s) 

chiral separations where six chiral selectors were bonded to SPPs to produce more than 

60 separations under 40 seconds. Also shown are the effects of extra-column band 

broadening, instrumental artifacts from detector parameters, and the effect of frictional 

heating on the kinetic performance of the columns. In Chapter 7, sub-second separations 

of achiral and chiral analytes using SPPs are shown including a separation of 10 analytes 
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within a second. Several example applications of sub-second separations of structurally 

and functionally related molecules are shown. The utility of high-throughput separations 

in real-time monitoring of reaction kinetics also is demonstrated. Finally, Chapter 8 

presents a general summary of this dissertation.  
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Chapter 2  

Enantiomeric Separation of Biaryl Atropisomers Using Cyclofructan Based Chiral 

Stationary Phases 

2.1 Abstract 

Normal phase chiral HPLC methods are presented for the enantiomeric 

separation of 30 biaryl atropisomers including 18 new compounds recently produced via 

a novel synthetic approach. Three new cyclofructan based chiral stationary phases were 

evaluated. Separations were achieved for all but six analytes and the LARIHC™ CF6-P 

alone provided 15 baseline separations. Effects of polar modifiers and temperature 

effects also were studied. Apparent thermodynamic parameters were determined by van’t 

Hoff plots. Preparative scale methods were developed and employed resulting in the first 

ever isolation of these novel atropisomers in their pure enantiomeric form. Insights into 

the mechanism of retention and chiral discrimination are presented. 

 

2.2 Introduction 

Substituted biaryls in which the rotation around the aryl–aryl single bond is 

hindered are referred to as atropisomers. They represent a major class of axially chiral 

molecules that have found use in many applications including privileged ligands in 

asymmetric synthesis,72-75 chiral resolving agents,76 and as pharmaceutical 

compounds.77,78 Recently, a variety of novel 2,2′-diamino-1,1′-binaphthalenes32 as well as 

2,2′-aminohydroxy-1,1′-biaryls were synthesized using a transition metal free direct 

arylation method.31 These new compounds have the potential to be used as chiral ligands 

in asymmetric synthesis and may possess unique biological activities including antitumor 

and antimicrobial activities.79 The chiral analytes considered herein are 1,1′-biaryls and 
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fall into one of three groups: 2,2′-diol, 2-amino-2′-ol and 2,2′-diamine. Probe analytes also 

differ in aryl type and type/position of substituents on the aryl groups. 

Chiral molecules are often needed as pure enantiomers for evaluation in the 

aforementioned applications and thus the need for methods to determine the 

enantiomeric excess (%ee) of newly synthesized molecules is ever present.80-84 There is 

also a need to develop preparative HPLC methods to purify milligram to gram scale 

amounts of enantiomerically pure compounds.85,86 HPLC combined with chiral stationary 

phases (CSP's) has proven to be an excellent technique for the separation of axially 

chiral molecules.14,87 A wide variety of CSP's have been used to separate biaryl 

atropisomers including bonded cyclodextrins,88 1,3,5-triazine based CSP's,89 quaternized 

brucine-based CSP's,90 derivatized cyclofructans91,92 and immobilized polysaccharide-

based CSP's.93 Chiral HPLC is also useful for preparing single enantiomers as 

instrumental methods and HPLC column dimensions are easily scaled from analytical to 

semi-preparative and preparative capacities.85 

A new class of CSP's based upon derivatized cyclofructans, which are cyclic 

oligosaccharides consisting of six or more β(2→1)-linked D-fructofuranose units has 

recently been introduced.94 In this study, three functionalized cyclofructan CSPs were 

evaluated for use as HPLC CSPs. The first, the LARIHC CF6-P (isopropylcarbamate 

derivatized cyclofructan-6) has shown exceptional selectivity for racemates with a primary 

amine moiety30 while the LARIHC CF6-RN (R-naphthylethylcarbamate derivatized 

cyclofructan-6) and LARIHC CF7-DMP (dimethyphenylcarbamate derivatized 

cyclofructan-7) CSPs have shown broad selectivity and applicability for a variety of 

classes of molecules.95-99 

In this paper, 30 biaryl atropisomers were screened with three CSPs under 

normal phase and polar organic HPLC conditions to elucidate potential interactions 
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governing retention and enantioselectivity on cyclofructan based chiral selectors. The 

three commercially available binapthyl analytes, BINAM, BINOL and NOBIN as well as 1-

(2-aminophenyl)naphthalen-2-amine were selected for further analysis to study the effect 

of the three different 2,2′-substituents and type of aryl groups on retention and 

enantioselectivity. For normal phase separations, the effects of both the type and 

composition of the polar modifier was investigated as well as the effect of column 

temperature on enantioselectivity. The effect of acidic and basic additives also was 

investigated. A preparative separation of 1-(2-amino-3,4,5-trichlorophenyl)naphthalen-2-

ol is presented allowing the pure enantiomers of this novel molecule to be evaluated for 

antimicrobial/antibiotic activity (data not reported), showing the separations reported 

herein are both scalable and necessary for future applications involving these new 

biaryls. This is the first report on the enantiomeric separation of many of these important 

analytes which, in turn, provides insights into the mechanism of retention and chiral 

recognition for cyclofructan based CSPs. 

 

2.3 Experimental 

2.3.1 Materials 

HPLC grade heptane, ethanol, acetonitrile and ACS grade hexanes (5% 

methylpentanes) were purchased from Fisher Scientific (Waltham, MA). HPLC grade 1-

propanol, 2-propanol 1-butanol, ACS grade trifluoroacetic acid and triethylamine were 

purchased from Sigma–Aldrich (St. Louis, MO). 1,1′-binaphthyl-2,2′-diamine (BINAM, 

Table 2-1 no. 1), 1,1′-bi-2-naphthol (BINOL, no. 2), 2-amino-1,1′-binaphthalen-2′-ol 

(NOBIN, no. 3), 6,6′-dibromo-[1,1′-binaphthalene]-2,2′-diol (no. 23), 3,3′-bis(3,5-

dimethylphenyl)-5,5′,6,6′,7,7′,8,8′-octahydro-[1,1′-binaphthalene]-2,2′-diol (no. 24), 3,3′-

diphenyl-[2,2′-binaphthalene]-1,1′-diol (VANOL, no. 25), 3,3′-dibromo-5,5′,6,6′,7,7′,8,8′-
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octahydro-[1,1′-binaphthalene]-2,2′-diol (no. 26), 3,3′-dibromo-[1,1′-binaphthalene]-2,2′-

diol (no. 27), 3,3′-bis(triphenylsilyl)-[1,1′-binaphthalene]-2,2′-diol (no. 28), 3,3′-

di(anthracen-9-yl)-[1,1′-binaphthalene]-2,2′-diol (no. 29), and 2,2′-dimethoxy-1,1′-

binaphthalene (no. 30) were purchased from Sigma–Aldrich (St. Louis, MO). LARIHC 

CF6-P, CF6-RN and CF7-DMP were obtained from AZYP L.L.C. (Arlington, TX). Analytes 

4-22 (Table 2-1) were synthesized as reported.31 

 

2.3.2 HPLC Methods 

All analyses were performed on an Agilent 1260 Infinity HPLC system utilizing a 

degasser, quaternary pump, autosampler, column thermostat and diode array detector. 

Data analysis was carried out using OpenLAB CDS ChemStation Edition Rev. C.01.04. 

Samples were prepared at approximately 0.5 mg/mL in ethanol. Analytical column 

dimensions were 250 mm × 4.6 mm with 5 μm particle diameter. All injections were 5 μL 

unless otherwise noted. Flow rates were held at 1 mL/min unless otherwise noted. 

Wavelengths monitored were 254 nm and 280 nm. Separations were performed at 

ambient temperature unless otherwise noted. Normal phase mobile phases consisted of 

heptane with a polar modifier. Ethanol, 1-propanol, 2-propanol and 1-butanol were 

evaluated as polar modifiers in the range of 1–50% (v/v). Polar organic mobile phases 

consisted of acetonitrile with 0–10% w/v methanol as a modifier. Void volumes were 

determined by the first disturbance in the baseline resulting from unretained diluent. 

Resolutions (Rs) and peak symmetries (PS) were calculated using ChemStation 

software. 

Thermodynamic experiments were carried out at 25 °C, 29 °C, 33 °C, 37 °C and 

41 °C to determine the enthalpic and entropic contributions using the equation: ln 

k = − (ΔH°/RT) + (ΔS°/R) + ln ϕ where ΔH° and ΔS° represent the change in standard 
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molar enthalpy and entropy, respectively, R is the universal gas constant and T is the 

absolute temperature (K) of the column, ϕ is the ratio of stationary phase and mobile 

phase volumes, Vs and Vm, respectively. ΔS°* is used in place of (ΔS°/R) + ln ϕ as the 

chromatographic phase ratio is not easily determined. All thermodynamic values are 

stated as apparent rather than absolute due to the inability to distinguish between 

enantioselective and non-enantioselective interactions. Thermodynamic values were 

calculated using Microsoft Excel. 

Preparative scale analyses were conducted on a Shimadzu preparative LC 

system consisting of an LC-20AP pump, SPD-20AV detector, SIL-10AP autosampler and 

FRC-10A fraction collector. Data analysis was conducted using LabSolutions Ver. 5.54 

SP1. The LARIHC CF6-P preparative column dimensions were 250 mm × 21.2 mm with 

5 μm particle diameter (AZYP, LLC). Sample 19 (Table 2-1) was dissolved in 50:50 

hexanes: ethanol at 60 mg/mL. The mobile phase consisted of 98:2 hexanes: ethanol 

with a flow rate of 30 mL/min. Stacked injections of 200 μL (12 mg) were performed at 

15 min intervals. The wavelength used was 254 nm. Fractions containing each 

enantiomer were pooled and solvent removed under reduced pressure. For determining 

enantiomeric excess of the collected fractions, detector linearity was confirmed at 0.4–

20 μg (on column, R2 = 0.998, n = 5). Samples were prepared at 1 mg/mL. S/N for the 

minor enantiomer peak was >100 with the major enantiomer peak < 0.5 A.U. 

 

2.4 Results and Discussion 

2.4.1 Separations Obtained and Insights to Retention and Chiral Recognition 

Table 2-1 shows the analyte structures, optimized separation conditions and 

chromatographic data for 30 biaryl atropisomers. Under normal phase conditions, the 

LARIHC CF6-P stationary phase showed enantioselectivity toward 22 out of the 30 
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analytes with 15 baseline separations (Rs ≥ 1.5). The CF6-RN and CF7-DMP showed 

enantioselectivity for 15 analytes each with 8 and 10 baseline separations, respectively. 

The CF6-RN column best complemented the CF6-P column in that it was able to provide 

two unique separations (Table 2-1), compounds 9, 24) which were not obtained on the 

CF6-P column. Further, the CF6-RN provided one additional baseline separation (Table 

2-1, compound 26) which was only partially separated by the CF6-P. Though the CF7-

DMP phase did not provide any unique separations, it did on occasion yield excellent 

resolutions such as a Rs value of 7.6 (Table 2-1, compound 6). In all, enantioselectivity 

was observed for 24 of 30 analytes with 17 baseline separations using a heptane mobile 

phase with ethanol as a polar modifier. Clearly, the CF6-P is the most useful CSP studied 

in the separation of this set of atropisomers. 

Table 2-1. Structures and Chromatographic Data for Enantiomeric Separations. 

Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

1 

 

CF6-P 90:10 1.26 4.8 4.1 5.2 

CF6-RN 90:10 1.21 4.6 5.0 6.1 

CF7-DMP 70:30 1.35 6.8 3.1 4.2 

2 

 

CF6-P 90:10 1.10 2.6 2.8 3.1 

CF6-RN 95:5 1.06 1.0 5.5 5.9 

CF7-DMP 95:5 1.09 1.5 5.2 5.7 

3 CF6-P 90:10 1.10 2.7 3.0 3.4 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

 

CF6-RN 95:5 1.14 1.6 5.5 6.3 

CF7-DMP 90:10 1.27 5.5 5.8 7.4 

4 

 

CF6-P 90:10 1.16 2.9 3.5 4.1 

CF6-RN 90:10 1.10 2.6 4.0 4.5 

CF7-DMP 95:5 1.2 5.3 4.5 5.5 

5 

 

CF6-P 90:10 1.15 3 5.1 5.9 

CF6-RN 90:10 1.1 2.7 7 7.8 

CF7-DMP 50:50 1.27 3.2 2.6 3.3 

6 

 

CF6-P 95:05 1.1 1.7 8 9 

CF6-RN 95:05 1.1 1.9 8.6 9.4 

CF7-DMP 70:30 1.5 7.6 5 7.5 

7 CF6-P 90:10 1.06 1.0 1.5 1.7 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

 

CF6-RN 90:10  1.7 

CF7-DMP 99:1  3.7 

8 

 

CF6-P 90:10 1.06 1 1.55 1.67 

CF6-RN 90:10  1.8 

CF7-DMP 99:1  3.7 

9 

 

CF6-P 90:10  5.1 

CF6-RN 99:1 1.07 1.9 8.3 8.9 

CF7-DMP 99:1  5.6 

10 

 

CF6-P 99:1 1.03 1.1 17 17.6 

CF6-RN 90:10  2.7 

CF7-DMP 95:05 1.04 1.0 7.4 7.7 

11 CF6-P 90:10 1.13 2.3 2.1 2.4 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

 

CF6-RN 99:01  13.6 

CF7-DMP 99:01 1.04 1.5 7.4 7.8 

12 

 

CF6-P 99:1  4.8 

CF6-RN 90:10  1.5 

CF7-DMP 99:1  3 

13 

 

CF6-P 90:10 1.03 0.4 3.5 3.6 

CF6-RN 90:10  1.5 

CF7-DMP 99:1  3 

14 

 

CF6-P 90:10  1.2 

CF6-RN 90:10  1.5 

CF7-DMP 75:25  1.9 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

15 

 

CF6-P 99:1 1.01 0.3 5.32 5.39 

CF6-RN 90:10  1.5 

CF7-DMP 99:1  3.1 

16 

 

CF6-P 95:5 1.10 2.1 4.5 4.9 

CF6-RN 90:10  2.5 

CF7-DMP 99:1 1.04 1.2 7.1 7.4 

17 

 

CF6-P 95:5 1.1 2.3 3.7 4.1 

CF6-RN 90:10  2.1 

CF7-DMP 99:1 1.03 1.1 6.5 6.8 

18 

CF6-P 95:5 1.09 2 3 3.3 

CF6-RN 90:10  1.8 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

 

CF7-DMP 1.05 1.6 5.4 5.7 1.05 

19 

 

CF6-P 1.15 3.6 4.8 5.6 1.15 

CF6-RN 1.02 0.5 5.8 5.9 1.02 

CF7-DMP 1.09 2.5 9.1 9.9 1.09 

20 

 

CF6-P 90:10  5.4 

CF6-RN 90:10  2.4 

CF7-DMP 99:1  10 

21 

 

CF6-P 90:10 1.3 5.8 2.9 3.9 

CF6-RN 90:10 1.06 2.2 7.9 8.4 

CF7-DMP 95:5 1.2 3.6 4.4 5 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

22 

 

CF6-P 99:1 1.13 1.5 1.1 1.2 

CF6-RN 95:5  0.8 

CF7-DMP 95:5  0.5 

23 

 

CF6-P 95:5 1.15 2.7 7.3 8.4 

CF6-RN 95:5 1.12 2.2 8.3 9.3 

CF7-DMP 95:5 1.07 1.5 5.8 6.2 

24 

 

CF6-P 95:5  0.1 

CF6-RN 99:1 1.07 0.6 0.8 0.9 

CF7-DMP 95:5  0.18 

25 

 

CF6-P 95:5 1.18 2.1 1.7 2 

CF6-RN 99:1 1.09 1.3 5.6 6.1 

CF7-DMP 95:5 1.17 2 1.2 1.4 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

26 

 

CF6-P 95:5 1.07 0.8 1.4 1.5 

CF6-RN 99:1 1.19 1.7 4.7 5.6 

CF7-DMP 95:5  1.14 

27 

 

CF6-P 95:5 1.05 0.9 4.4 4.6 

CF6-RN 95:5 1.06 0.9 4.9 5.2 

CF7-DMP 95:5 1.03 0.9 2.9 3.0 

28 

 

CF6-P 95:5  0.1 

CF6-RN 95:5  0.95 

CF7-DMP 95:5  0.42 

29 

CF6-P 95:5  2.3 

CF6-RN 99:1  0.34 
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Analyte 
# 

Structure Column 
Hept:
EtOH 

α RS k`1 k`2 

 

CF7-DMP 95:5  2.0 

30 

 

CF6-P 95:5  0.57 

CF6-RN 99:1  1.5 

CF7-DMP 95:5  0.8 

 

The common normal phase additives triethylamine (TEA) and trifluoroacetic acid 

(TFA) were evaluated at various concentrations. Peak symmetry was improved by using 

TEA but retention and selectivity were decreased. No significant increase in resolution 

was observed when TEA concentrations ranged from 0.05% to 0.2%. A large decrease in 

retention was observed when using 0.2% TEA. Using TFA in the mobile phase caused a 

decrease in retention and no significant improvement in resolution. 

Both retention and selectivity varied considerably for different analyte and CSP 

combinations. The lack of aromatic functionality on the CF6-P column indicates that π–π 

interactions play no role in either retention or enantioselectivity when using this CSP. The 

potential exists for π–π interactions when using the aromatic functionalized CF6-RN and 



 

31 
 

CF7-DMP CSP's. However, no pronounced trend showing increased retention was 

observed under similar mobile phase conditions for these CSP's vs. the CF6-P. Under 

polar organic conditions, no retention was observed for any analyte when using 100% 

acetonitrile indicating that retention due to hydrogen bonding between the analyte and 

CSP is not substantial in the presence of that solvent. The potential exists for hydrogen 

bonding to play a role in chiral recognition, but only under conditions that favor analyte 

retention, i.e. high heptane content in the mobile phase. Given the apparent lack of 

strong π–π and H-bonding interactions, the primary mechanism for analyte retention is 

proposed to be dipole–dipole interactions between the polar 2,2′ moieties of the biaryls 

and the polar groups present on the derivatized cyclofructans. Previous studies using 

linear free energy relationship (LFER) models have shown that dipolarity/polarizability 

plays an important role in both retention and chiral recognition when using derivatized 

cyclofructans under normal phase conditions.97 This is further validated by the lack of 

retention observed for analytes with steric hindrance at the 2,2′ positions (Table 2-1, 

compound 28, 29, 30). This indicates that retention is highly dependent on the ability of 

the polar 2,2′ moieties to form a strong interaction with the CSP. 

The retention and selectivities observed for the various analytes varied 

considerably depending on both the type of aryl groups present as well as the type and 

location of substituents on the aryl rings. As can be seen in Table 2-2, when using the 

CF6-P CSP with 10% ethanol in heptane, the binapthyl diamine BINAM retained longer 

and showed greater enantioselectivity (k1 = 3.4, α = 1.22) than the 2,2′-diol BINOL 

(k1 = 2.6, α = 1.12), with the 2-amino-2′-ol (NOBIN) showing intermediate retention and 

selectivity (k1 = 2.7, α = 1.14). This indicates that the amine group plays an integral role in 

both retention and enantioselectivity on this CSP. When comparing BINAM (k1 = 3.4, 

α = 1.22) to 1-(2-aminophenyl)naphthalen-2-amine (k1 = 3.0, α = 1.12), retention and 
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selectivity were also increased indicating that selectivity is greatly improved when both 

aryl groups are napthyl. 

 
Table 2-2. Effect of polar modifier on retention and enantioseparation. 

Modifier ethanol 1-propanol 1-butanol 

Analyte no. k1 α Rs PS k1 α Rs PS k1 α Rs PS 

1 3.4 1.22 4.1 0.82 4.5 1.27 4.2 0.66 5.7 1.27 3.4 0.59 

2 2.6 1.12 2.2 0.85 2.8 1.14 2.1 0.77 3 1.12 1.6 0.72 

3 2.7 1.14 2.6 0.93 3.2 1.21 3.2 0.66 3.9 1.28 3.5 0.6 

4 3 1.12 2.6 0.76 4 1.17 2.5 0.58 5.4 1.17 1.7 0.54 

Conditions: column, CF6-P; mobile phase, 90:10 heptane: modifier (v/v); detector, UV 
254 nm; column temperature, 25 ◦C. 

 
With respect to the types of substituents on the aryl groups, the general trend 

was that increasing the number of electron withdrawing substituents had the effect of 

increasing retention and selectivity. As can be seen in Figure 2-1, a pronounced increase 

in selectivity is observed (1.15 vs. 1.01) on the CF6-P stationary phase when comparing 

1-(2-amino-3,4,5-trichlorophenyl)naphthalen-2′-ol (Table 2-1, compound 19) vs. 1-(2-

amino-3-chlorophenyl)naphthalen-2′-ol (Table 2-1, compound 8) with the dichloro 

substituted analyte showing intermediate selectivity. Possible explanations for the 

enhanced chiral recognition include altering of the dihedral angle of the aryl–aryl bond as 

well as induced differences in the hybridization of the amine group. The majority of 

analytes that showed poor selectivity were either of the napthyl–phenyl type with only a 

single substituent present on the phenyl ring or had the 2,2′ moieties hindered by bulky 

substituents at the 3,3′ positions. Modeling studies to determine the effect of substituents 

on the dihedral angle and to elucidate the types of interactions between the derivatized 

cyclofructans and biaryl analytes is ongoing. 
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Figure 2-1. Effects of additional halogen substituents on retention and selectivity. 

Conditions: column CF6-P; mobile phase 95:5 (v/v) heptane:ethanol; detector, UV 254 
nm. 

 
 
2.4.2 Effect of Polar Modifier 

By increasing the alkyl chain length of the polar modifier in the mobile phase, 

retention was increased. Minor improvements in selectivity were observed when going 

from ethanol to 1-propanol or 1-butanol (Table 2-2). However, both efficiencies and peak 

symmetries were diminished. Significant tailing was observed when using 1-butanol as a 

polar modifier and observable band-broadening occurred when switching away from 

ethanol in all cases. This provides further evidence for a dipolarity/polarizability 

mechanism of retention as using lower polarity solvents increased retention and slowed 

on/off kinetics between analyte and CSP. The effect of varying the composition of polar 
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modifier was an increase in retention and selectivity when the % ethanol was changed 

from 16% to 4% (Table 2-3). Based upon the combined results, a mobile phase 

composition of 10% ethanol in heptane is recommended for screening new biaryl 

atropisomers in the normal phase mode. 

 
Table 2-3. Effect of polar modifier composition on retention and enantioseparation. 

% Ethanol 16% 13% 10% 7% 4% 

Probe k1 α Rs k1 α Rs k1 α Rs k1 α Rs k1 α Rs 

1 2.1 1.19 3.3 2.6 1.22 3.7 3.4 1.22 4.1 4.6 1.24 4.9 7.1 1.27 6.1 

2 1.5 1.11 1.8 1.9 1.12 2 2.6 1.12 2.2 3.7 1.13 2.4 6.2 1.12 2.6 

3 1.7 1.12 1.9 2.1 1.13 2.2 2.7 1.14 2.6 3.7 1.16 3.2 5.7 1.2 4.2 

4 1.9 1.12 1.8 2.3 1.14 2.3 3 1.12 2.6 4 1.15 3 5.8 1.17 4 

Conditions: column, CF6-P; mobile phase, heptane: ethanol (v/v); detector, UV 254 nm; 
column temperature, 25 ◦C. 
 
2.4.3 Temperature Effect 

Excellent linearity was observed for van’t Hoff plots in the range of 25–41 °C 

indicating that the CSP was not altered significantly in this temperature range. All ΔΔS°* 

values were negative suggesting enthalpy-driven enantioselectivity (Table 2-4). The 

absolute ΔH2° values were in the range of 14–19 kJ mol−1 indicating a strong interaction 

with the CSP. The trend in absolute values for the ΔH2° energies of the 1′,1-binapthyls 

matches the trend in retention and selectivity observed for the three types of 2′,2 

substituents, i.e. 2,2′-diamine > 2-amino-2′-ol > 2,2′-diol. This indicates that analyte 

adsorption to the CSP is more exothermic for 2,2′-diamines and 2-amino-2′-ol analytes 

than for 2,2′-diols. Absolute values for ΔΔH°* ranged from 1.5 to 2.5 kJ mol−1vs. 14 to 

19 kJ mol−1 for ΔH2°, indicating much of the analyte–CSP interaction is common to both 

enantiomers. However, the differences in ΔΔH°* were of sufficient magnitude to provide 

adequate selectivity at room temperature. No significant differences in thermodynamic 

parameters were observed when switching from ethanol to 1-propanol or 1-butanol (data 
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not shown). Previous studies utilizing the immobilized polysaccharide CSP Chiralpak IA 

have reported thermodynamic parameters for BINOL using 90:10 hexane:propanol 

(v/v).93 Under those conditions, BINOL showed entropy driven enantioselectivity vs. 

enthalpy driven for the CF6-P using 90:10 heptane: ethanol. Clearly the driving forces for 

enantiomeric separation on these two CSP's are different with respect to BINOL, with the 

CF6-P showing enthalpy driven enantioseparation and the Chiralpak IA showing entropy 

driven enantioseparation. 

 
Table 2-4. Thermodynamic parameters for enantiomeric separations. 

Probe 
ΔH°1 

(kJ/mol) 
ΔS°*1 

(J/mol*K) 
R2 

ΔH°2 

(kJ/mol) 
ΔS°*2 

(J/mol*K) 
R2 

ΔΔH° 
(kJ/mol) 

ΔΔS° 
(J/mol*K) 

1 -16.1 -39.7 0.999 -18.6 -45.9 0.999 -2.5 -6.2 

2 -12.1 -31.6 0.999 -14.6 -38.8 0.999 -2.4 -7.2 

3 -17.4 -44.3 0.999 -18.8 -47.6 0.999 -1.4 -3.4 

4 -15.2 -40.3 0.999 -16.9 -44.1 0.999 -1.7 -3.8 

Conditions: column, CF6-P; mobile phase 90:10 heptane:ethanol (v/v); detector 254 nm.  
 

 
Figure 2-2. Analytical loading study of CF6-P. Conditions: probe no. 19 prepared in 1:1 

heptane:ethanol at 10 mg/mL, injection volumes, 10,15,20 μL; mobile phase, 95:5 
heptane:ethanol; flow rate, 2 mL/min; UV 254 nm. 
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2.4.4 Preparative Scale Separations 

Analyte no. 19 (1-(2-amino-3,4,5-trichlorophenyl)naphthalen-2-ol) was initially 

selected for antimicrobial/antibiotic activity screening (data reported elsewhere) and was 

needed in an enantiomerically pure form. A preliminary loading study was conducted on a 

250 mm × 4.6 mm CF6-P column with a flow rate of 2 mL min−1 and a resolution of 1.4 

was obtained when injecting 100 μg at a concentration of 10 mg mL−1 (Figure 2-2). By 

switching from heptane to hexanes, significant cost savings were realized without a loss 

of selectivity. Acceptable selectivity was observed at a flow rate of 30 mL min−1 using 2% 

ethanol in hexanes. Injection volume was increased until baseline resolution was lost. 

Acceptable resolution was observed on the preparative column when injecting 200 μL at 

a concentration of 60 mg mL−1 (Figure 2-3). By stacking injections every 15 min, a total of 

24 mg of each enantiomer was collected per hour at a cost of 1.8 L of hexanes. After 

combining fractions and removing solvent, the %ee of each sample was determined to be 

≥98%. 

 

 
Figure 2-3.  Preparative scale enantioseparation on CF6-P. Conditions: sample no. 19 

prepared in 1:1 hexanes:ethanol at 60 mg/mL; column dimensions, 250 mm x 21.2 mm; 
mobile phase, 98:2 (v/v) hexanes:ethanol; flow rate, 30 mL/min; UV 254 nm; stacked 

injections of 200 μL every 15 min.  

 
 

2.5 Conclusions 

New chiral HPLC methods were presented for the enantiomeric separation of a 

variety of biaryl atropisomers using heptane with ethanol as a polar modifier. The primary 
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mechanism of retention is likely dipolarity/polarizability interactions between the 2,2′ 

functionalities of the biaryls and polar groups present on the derivatized cyclofructans. 

Selectivity was observed for 24 out of 30 probe analytes with 17 baseline separations 

using three different CSP's. The CF6-P CSP was the most successful with 15 baseline 

separations using simple mobile phases without the need for additives. When ethanol 

was used as a polar modifier, high efficiencies and good peak symmetries were 

observed. When propanol and butanol were used, selectivity was improved but band 

broadening and peak tailing were increased. All probes studied showed enthalpy-driven 

patterns and the trend in absolute enthalpies of the second eluting enantiomer matched 

the trend in selectivities observed for the three types of 2′,2-binapthyls. Future work will 

involve determining the energy barriers to racemization as well as modeling studies to 

determine the effects of different substituents on molecular hybridization and chiral 

recognition. 
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Chapter 3  

Total Peak Shape Analysis Approach: Detection and Quantitation of Concurrent Fronting, 

Tailing, and their Effect on Asymmetry Measurements 

3.1 Abstract 

Most peak shapes obtained in separation science depart from linearity for various 

reasons such as thermodynamic, kinetic, or flow based effects. An indication of the 

nature of asymmetry often helps in problem solving e.g. in column overloading, slurry 

packing, buffer mismatch, and extra-column band broadening. However, existing tests for 

symmetry/asymmetry only indicate the skewness in excess (tail or front) and not the 

presence of both. Two simple graphical approaches are presented to analyze peak 

shapes typically observed in gas, liquid, and supercritical fluid chromatography as well as 

capillary electrophoresis. The derivative test relies on the symmetry of the inflection 

points and the maximum and minimum values of the derivative. The Gaussian test is a 

constrained curve fitting approach and determines the residuals. The residual pattern 

graphically allows the user to assess the problematic regions in a given peak, e.g., 

concurrent tailing or fronting, something which cannot be easily done with other current 

methods. The template provided in MS Excel automates this process. The total peak 

shape analysis extracts the peak parameters from the upper sections (> 80% height) of 

the peak rather than the half height as is done conventionally. A number of situations are 

presented and the utility of this approach in solving practical problems is demonstrated. 

 
3.2 Introduction 

Separation scientists rely on peak shapes for extracting basic chromatographic 

performance parameters such as number of theoretical plates, peak height, area, 

resolution, and thermodynamic/ kinetic information of the processes taking place in the 
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column.100 Apart from visual judgment, two common chromatographic figures of merit, 

namely, theoretical plate numbers and asymmetry are used for peak shape assessment. 

In addition, there are more than 20 theoretical or semi-empirical models for fitting 

experimental peak shapes with mathematical functions mainly from the family of 

Gaussians, such as polynomial modified Gaussian, bi-Gaussian, Gaussian-Lorentzian 

Sum, Exponentially Modified Gaussian (EMG), Giddings, Half Gaussian Modified 

Gaussian (GMG), Haarhoff-Van der Linde, Pearson IV, and Log Normal 4 or 5 Parameter 

to fit chromatographic peaks.101-103 Most chromatographic peaks under analytical 

conditions will invariably fit one of the above mentioned models with a reasonable 

goodness of fit (R2 > 0.98-0.999). Many commercial softwares such as PeakFitTM or 

MATLABTM help in modeling of a variety of peak shapes from which the peak moments 

can be extracted. By achieving a good fit, the chosen model still may not present a 

physical reality. For instance, none of these models specifically incorporates packed bed 

heterogeneities or the effect of digital filters into peak shapes.  

The Gaussian distribution is one of the most useful functions because it is a 

limiting case of many statistical distributions (Equation 4-1).103 For most separations in 

chromatography and electrophoresis, it is desired to have Gaussian peaks as they give 

the highest detection sensitivity as compared to other asymmetric peak shapes, as well 

as allowing convenient integration. Obtaining Gaussian peaks also is an indication that 

the separation system is well behaved (i.e. linear chromatography). Although separation 

scientists prefer to use asymmetry/tailing factors and efficiencies, it should be borne in 

mind that these single values are insufficient to describe the whole peak shape e.g. a 

USP tailing factor will ignore a peak shoulder arising from a poorly packed column. A 

careful analysis of many chromatographic peaks can reveal that tailing might be coupled 

with fronting; an Eiffel Tower effect (vide infra) can occur but goes unnoticed when the 
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“front” or “tail” is in excess as is commonly the case. In chromatography, peak tailing can 

originate from slow sorption-desorption kinetics, thermodynamic factors,104 or from a RC 

digital filter in the data acquisition software.105 Peak asymmetry may also be seen in 

packed beds due to the non-ideal arrangement of particles in the column near the 

walls.106,107 Similarly, peaks are distorted in electrophoretic separations due to buffer 

mismatch among other reasons.106 For these purposes, it is important to understand 

which region(s) of the peak reflect the problem. There are several statistical distribution 

comparison methods that can test whether a distribution is normal or not.108 Rigorous 

methods for peak shape analysis require calculating moments, e.g. skew or kurtosis, of a 

given peak. Such calculations result in a single number by taking the overall properties of 

a distribution.109  Both skew and kurtosis are extremely sensitive to the choice of peak 

start and end-points- a slight change in end-points results in a different answer. To the 

best of our knowledge, no column manufacturer reports the chromatographic peak shape 

(and even efficiency) by the methods of moments for their quality control tests since the 

precision is quite low. Statistics also allows graphical tests such as the “Distribution 

Function Method”110 and “Lévy distances”111 for comparing peak shapes. These methods 

require a mathematical model of the real peak to begin the peak shape assessment. 

Interested readers can consult a summary of statistical methods for peak shape 

assessment in reference.112 

Herein a very simple and visual approach is proposed for total peak shape 

analysis. It is based on the properties of the Gaussian function to assess a real peak 

shape, and its departure from a perfect Gaussian shape. Also demonstrated is a more 

simple and objective measure of peak asymmetry as a way to quantify the contributions 

of concurrent fronting and tailing to non-Gaussian peaks. In this work, we demonstrate 

complete and visual analysis of peak asymmetry using the method of derivatives as well. 
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Unlike the conventional way of fitting a Gaussian model using the method of least 

squares, the method introduced in this work uses superimposition with specific 

constraints to help identify the problematic regions of the peak. The Gaussian test is not 

a statistical distribution comparison test; rather it is a visual and quantitative tool to 

assess problems in a chromatographic peak such as concurrent fronting or tailing, 

shouldering, etc. It enables qualitative and quantitative assessment of individual 

contributions from concurrent fronting and tailing to the overall peak distortion, which is 

quite common, but rarely noticed and never quantified. 

 

3.3 Theory 

A Gaussian chromatographic peak 𝑔(𝑡) with an amplitude A, retention time of tr, 

and a standard deviation of σ can be described by: 

 
𝑔(𝑡) = 𝐴 𝑒𝑥𝑝 (−

(𝑡 − 𝑡𝑟)2

2𝜎2
) ( 3-1 ) 

 

The nth derivative of the Gaussian is also a Gaussian function multiplied by a 

Hermite polynomial.113 Thus, for the first derivative, the zero crossing of the derivative of 

a peak appears at the same time as the retention time since t-tr becomes zero in 

Equation (4-2). 

 𝑑𝑔(𝑡)

𝑑𝑡
= −𝐴

(𝑡 − 𝑡𝑟)

𝜎2
𝑒𝑥𝑝 (−

(𝑡 − 𝑡𝑟)2

2𝜎2
) ( 3-2 ) 

 

Given that the chromatographic data is digitized with very small time intervals on 

modern detectors e.g. Δt of <0.0125 s (or data sampling frequencies of > 80 Hz), we can 

estimate this derivative with  

 𝑑𝑔(𝑡)

𝑑𝑡
=

𝑦2 − 𝑦1

𝑡2 − 𝑡1
 

( 3-3 ) 
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where y is the instrument signal and t is the time. This derivative is plotted with 

respect to the original time scale. The property of Gaussian (or any peak shaped 

functions) derivative allows a very sensitive test for symmetry of any peak shape without 

relying on the choice of peak start or end. If the magnitude of maximum and minimum 

values 
𝑑𝑔(𝑡)

𝑑𝑡
 is not identical, it reveals the presence of asymmetry about the y-axis.  

Secondly, we can approach the peak shape analysis from the upper section of 

the peak. It is possible to determine the standard deviation of a Gaussian peak from any 

height rather than the conventional half height (Equation 4-4). The width of a peak 

normalized to unity 𝑤𝐻  at any height H, is related to the standard deviation as follows: 

 𝜎 =
𝑤𝐻

2√2ln (
1
𝐻

)

 ( 3-4 ) 

The derivation of this equation is provided below.  An ideal chromatographic 

peak 𝑔(𝑡) with an amplitude A, retention time of tr, and a standard deviation of σ can be 

described by  

 
𝑔(𝑡) = 𝐴 𝑒𝑥𝑝 (−

(𝑡 − 𝑡𝑟)2

2𝜎2
) 

For g(t) at height equivalent to fraction H of amplitude 
A 

⇒ 𝐻 ∗ 𝐴 =  𝐴 𝑒𝑥𝑝 (−
(𝑡 − 𝑡𝑟)2

2𝜎2
) 

Taking natural log on each side ⇒ ln(𝐻) = −
(𝑡 − 𝑡𝑟)2

2𝜎2
 

Multiply each side with  
(-1) 

⇒ −ln(𝐻) =  
(𝑡 − 𝑡𝑟)2

2𝜎2
 

Since -ln x = ln 1/x ⇒ ln (
1

𝐻
) =  

(𝑡 − 𝑡𝑟)2

2𝜎2
 

 
⇒ 2𝜎2ln (

1

𝐻
) =  (𝑡 − 𝑡𝑟)2 
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 ⇒ 𝑡 − 𝑡𝑟 =  𝜎√2 ln (
1

𝐻
) 

Full width at height fraction h for an ideal Gaussian  
𝑤𝐻 = 2(𝑡 − 𝑡𝑟) 

Substituting the values from Equation S7 ⇒ 𝑤𝐻 = 2𝜎√2 ln (
1

𝐻
) 

 

⇒ 𝜎 =
𝑤𝐻

2√2 ln (
1
𝐻

)

 

 

By modeling a peak from the standard deviation extracted at 85% of the peak 

height or above, one can easily visualize the departure of the real peak from the 

Gaussian shape by superimposition with certain constraints followed by analysis of the 

residuals (discussed in the the Gaussian Test Approach), unlike the standard peak fitting 

procedure. Herein, this process will be referred to as the Gaussian test. 

The Pearson IV (Area) Model used was simulated based on equation below114,115 

  

𝑦 =  

𝑎0𝑎3 𝑒𝑥𝑝 [𝑎3𝑡𝑎𝑛−1 (
𝑥 +

𝑎2𝑎3

2
− 𝑎1

𝑎2
)]

𝑎2 [𝑒𝑥𝑝 (
𝑎3𝜋

2
) − 𝑒𝑥𝑝 (−

𝑎3𝜋
2

)] [1 + (
𝑥 +

𝑎2𝑎3

2
− 𝑎1

𝑎2
)

2

]

 

 

Where a0 = amplitude, a1 = center, a2 = width, a3 = shape.  

 

( 3-5 ) 
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3.3.1 The Gaussian Test Protocol 

The Gaussian Test referred herein uses a Microsoft Excel based template to 

automate the process. The template is available elsewhere.48 The following is the 

protocol to perform the Gaussian Test using the template.  

1.   Getting the X and Y data for the peak of interest 

a. Export the X (retention-time) and Y (absorbance/ Instrument Signal) 

coordinates of a chromatogram to an Excel sheet. For example: 

i. For Agilent ChemStation: File > Export > CSV 

b. Open the file in Excel, select both X and Y data, and plot a scatter plot 

c. Visually estimate time points that cover a single peak of interest and copy the 

corresponding X and Y data points for the peak. (e.g., X and Y points for 

retention time 1.0 to 1.4 min can be selected if the peak of interest starts at 

1.1 min and ends at 1.3 min.). It is important to select points that only cover a 

single peak. 

2. Getting the peak of interest in Microsoft Excel Gaussian Test Template 

a. Download the Gaussian Test Excel template provided elsewhere48 and open 

it. 

b. Choose the “Values” sheet, right click in cell A2 and paste X and Y points 

copied above in step 1c. The formulas already included (columns C to M) 

have been extended up to row 20,000 and can be extended further by user if 

needed.  

c. The built-in Excel formulas will calculate peak parameters for the normalized 

peak and display them to the right. The retention time, peak height, and sigma 

of normalized peak extracted at 85% peak height will be used to model initial 

Gaussian. See the section 3 of the manuscript for details on the approach.  
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d. The normalized peak will be superimposed with a Gaussian model which can 

be seen on “Peak and Model” tab of the Excel sheet.  

3. The Derivative Test 

a. The 1st derivative of the normalized peak will be calculated and displayed on 

the “Derivative” tab of the Excel sheet.  

b. The minima and the maxima of the 1st derivative are also calculated in column 

O.  

4. The Gaussian Test 

a. For Windows, in the Excel’s ribbon interface on the top, go to “Data” tab, 

“Analyze” section, and click “Solver”. 

i. If you cannot find “Solver”, you must enable it first. Go to File menu > 

Options > Add-ins > In the manage dropdown, select “Excel Add-ins” 

and click “Go”. Check the boxes next to the “Solver” add in, and click 

OK. It should appear in Data tab now.  

b. For Mac, in the Excel’s Tools menu, click on “Solver” 

i. If you cannot find “Solver”, you must enable it first. Go to Tools menu 

> Excel add-ins > Check “solver” and click OK. It should appear in 

Tools menu now.  

c. In the “Solver Parameters” window, set objective should be set to cell V22  

i. The differences between the points on the peak of interest and the 

model at 85% peak height are squared and the sum of squared 

differences is calculated in cell V22 that is to be minimized using 

solver to fit. See the section 3 of manuscript for details. 
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d. In the “Solver Parameters” window, “By Changing Variable Cells” should be 

set to cell S8 which is the σ calculated at 85% peak height (set in cell S4) for 

the model. 

e. In the “Solver Parameters” window, “Subject to the Constraints” should have 

the following entries for constraints.  

i. O5 ≤ S5 (point on the leading edge of the peak and the model at 85% 

peak height) 

ii. O6 ≥ S6 (point on the tailing edge of the peak and the model at 85% 

peak height) 

f. Click “Solve” and let solver complete. Solver should find an exact solution.  

i. For verification, user can fill cell S8 with a different value, run the 

steps a-f again, and compare the values. Click “Ok”.  

g. Go to “Peak and Model” sheet to inspect the Gaussian model superimposition 

on the normalized peak and the residuals.  

5. Individual contribution from fronting and tailing to the peak distortion 

a. The individual contributions to the total peak distortion will be calculated 

automatically based on built-in formulas and displayed in column S.  

 
3.4 Experimental 

The core-shell (2.7 µm diameter) silica particles were provided by Agilent 

Technologies (Santa Clara, CA). The columns were packed using the dispersed slurry 

technique using a Haskel DSHF-202 pneumatic pump (Haskel, Burbank, CA). A given 

amount of the stationary phase was dispersed in a solvent which dispersed the particles 

such as in ethanol-cylohexanol or methanol-cyclohexanol mixture. The particles were 

sonicated and then transferred to a slurry chamber. The chamber was pressurized up to 
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10,000 psi. For the section packing experiment, three 5 cm x 0.46 cm i.d. modular 

columns (IDEX, Corporation) were connected in series by custom made unions at the 

UTA machine shop. The unions had modular adapter connections at both ends and the 

same internal diameter as the column. The columns were packed in the same fashion. 

However, after packing, the three columns were disconnected and capped. The top, 

middle and bottom sections were tested. Only the bottom section is reported here. The 

15 x 0.46 cm i.d. C18 2.7 µm core-shell column was purchased from Agilent 

Technologies. All solvents including acetonitrile (ACN), methanol (MeOH), and analytes 

were from Sigma Aldrich. DI water was obtained from Milli-Q purification system (EMD 

Millipore, Billerica, MA, US). 

Chromatography was performed with an Agilent C18 Poroshell Column (15 x0.46 

cm i.d., 2.7 µm particle size) on a Vanquish UHPLC instrument (Thermo Fisher Scientific, 

Waltham, MA) controlled using Chromeleon 7.2 SR4 software (Thermo Fisher Scientific 

2009-2016). For all other separations, an Agilent 1290 Infinity Series UHPLC instrument 

(Agilent Technologies, Santa Clara, CA) controlled by OpenLAB CDS ChemStation 

software (Rev. C.01.06 [61], Agilent Technologies 2001−2014) was used. The column 

thermostat compartment was bypassed to reduce any peak shape distortion by plumbing 

in both UHPLCs. The USP tailing factors are based on the equation T =
W0.05

2𝑓0.05
; where 

W0.05 = peak width at 5% peak height and f0.05 = distance from the leading edge of the 

peak to the peak maximum at 5% peak height.  

 
 

3.5 The Gaussian Test Approach 

The Gaussian Test can be easily performed in Microsoft Excel (2007 and higher). 

Solver add-in should be installed (see “The Gaussian Test Protocol” above). A 

screenshot shows the labels on the columns for convenience in Figure 3-1. The Microsoft 
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Excel Gaussian Test template (provided elsewhere48) is used for explanations below on 

the approach to superimpose a Gaussian Model. The template includes all formulas 

necessary to automate the Gaussian test. There are several steps which take place after 

the raw data (time vs. signal) is pasted. A straight forward protocol to performing a 

Gaussian test is provided above. Note that only a single peak data (or a section of a 

chromatogram containing a single peak) must be analyzed in this template, at a time.  

 

Figure 3-1. A screen shot of a Gaussian test in Excel template with all column labels. The 
user has to fill in the time and signal data only followed by Solver Analysis to obtain 
derivative results and the analysis from the Gaussian test. The template is provided 

elsewhere.48 

 
3.5.1 Normalization of Peak to Unity 

The experimental peak is normalized to unity (amplitude of 1) by dividing the y-

axis absorbance data by the peak maximum value. 
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3.5.2 The Derivative Test 

The first derivative of the normalized peak is generated based on equation 3 and 

shown in the derivative sheet of the Excel template. The minima and maxima of the 

derivative are calculated as well on the “values” tab.   

3.5.3 Extraction of the Standard Deviation 

The σ or standard deviation value remains constant when obtained at various 

peak heights of an ideal Gaussian peak (Equation 4). However, for peaks that are not 

completely Gaussian, the σ obtained at various peak heights will differ. We choose to 

obtain the standard deviation from the upper region of the peak since, even for severely 

distorted peaks, the upper region (80% of peak height or above) generally follows an 

ideal Gaussian profile. As such, the Gaussian test template determines the x-axis values 

that correspond to 80, 85, and 90% peak heights (can be altered by the user) to calculate 

the peak width at these heights.  

3.5.4 The Gaussian Model 

To assess the departure of chromatographic peak from an ideal Gaussian shape, 

the real peak is superimposed with a Gaussian model generated based on equation 4. 

Amplitude A of unity and retention time of experimental peak is chosen as tr. The 

standard deviation of experimental peak calculated at 85% peak height is used to model 

the initial Gaussian. This is a constrained fitting of a peak. The y-axis values for the 

Gaussian model are calculated in a column and plotted against x-axis time values and 

the superimposition can be seen in “Peak and Model” tab.  

3.5.5 The Gaussian Test 

Once a Gaussian model is generated, it is refined by the method of least squares 

to improve the model’s superimposition and visualize the residuals. A constraint in Solver 

is imposed that the points corresponding to the 85% peak height of the model either lie 
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on the experimental peak or be encompassed by it. The peak height of 85% or 90% for 

superimposition worked well when put to test on a variety of peak shapes produced from 

a variety of stationary phases. The user can easily modify the peak height chosen (85% 

peak height is used by default) for the superimposition in the template and re-run the 

solver add-in to minimize residuals at new peak height. Once done, the resulting 

superimposition and the residuals can be seen on the “Peak and Model” sheet.   

3.5.6 Quantifying the Contributions to Peak Distortion 

To assess the individual contribution from the peak fronting and tailing to the 

overall peak distortion, a sum of absolutes of the residuals is calculated. A sum of 

absolute residuals only to the left of the peak maxima expressed as a fraction is 

considered the contribution from fronting to the total peak distortion. A similar value is 

calculated for contribution from tailing by taking the sum of residuals to the right of the 

peak maxima and expressing it as a fraction of the total absolute residual sum.  

 
 

3.6 Results and Discussion 

3.6.1 Proposed Derivative and Gaussian Tests on Simulated Peak Shapes 

A facile approach that allows visual detection of the departure of real peaks from 

the perfect Gaussian is proposed. In Figure 3-2(A) and (B), two idealized simulated 

peaks sampled at 160 Hz in the absence of noise are shown. Figure 3-2(A) is a Gaussian 

peak (σ = 0.300 s) and Figure 3-2(B) is a Pearson (IV) area peak (Equation 4-5, 

a0=1.0999, a1=30, a2=width=0.350, a3= 0.001).102,114 The latter shows nearly equivalent 

elements of fronting as well as tailing giving it an Eiffel Tower like shape (a.k.a. excess 
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kurtosis in statistical terms).1 Visually, both of the peaks are symmetric (USP tailing of 

1.0000 and 1.0006 at 5% height respectively). The extra significant figures are retained to 

show the sensitivity of the proposed tests. However, the USP tailing for the latter does 

not provide any information on the almost equal fronting element of the peak seen in 

Figure 3-2(B). The derivative test confirms the perfect symmetry for the Gaussian model 

in Figure 3-2(C) (max. 2.0215 and min. -2.0215). However, a derivative test for Figure 

3-2(B) peak detects a slight asymmetry in Figure 3-2(D) (max. 1.8568, min.=- 1.8556) 

very sensitively. This implies that the slope on the left is slightly different from the right. 

Note that actual experimental peaks showing analogous behavior will be discussed in the 

subsequent sections. 

                                                 
1 There are other distributions with broad bases and narrow apices (e.g. Laplace, Lorentzian or other 

Pearson types etc.). The derivative of the Laplace distribution is discontinuous. Pearson (IV) equation is 
included in PeakFitTM and used here for demonstration purposes for an equally fronting or tailing peak. 
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Figure 3-2. A graphical comparison of (A) a simulated Gaussian model and (B) a Pearson 

IV (area) model. (C) The 1st derivative of simulated Gaussian (D) 1st derivative of 
Pearson IV area model. Note the differences in the positive and negative intensity of the 
derivatives. The Gaussian test with set of constraints described in this work is applied on 

(E) simulated Gaussian model and (F) Pearson IV area model. 

 
The Gaussian test can now be applied to obtain information on the tailing and 

fronting contributions with the set of constraints discussed below. A Gaussian model can 

be of two types: matching the area or the amplitude. The amplitude Gaussian (equation 

4-1) is superimposed after normalizing the peak height to unity since the interest is not in 

quantitation by area but rather the analysis of peak profile and its departure from the 
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Gaussian shape. This Gaussian test is not meant to obtain a best fit of the whole peak by 

the method of least squares (as is conventionally done); rather the model is overlaid on 

the peak with a set of constraints. The constraints are that the superimposed Gaussian 

model (i) have an amplitude of unity; (ii) have identical retention time as the real peak, 

and (iii) the residuals between the real peak and the ideal peak are minimized at well 

above the full width at half maximum by the method least squares rather than the whole 

peak. Excel Solver add-in is utilized for this purpose (See the Gaussian Test Protocol 

above). In Figure 3-2(E), the Gaussian test, with the aforementioned constraints, is 

applied on the simulated Gaussian peak with a σ = 0.30000 s. We approach the peak 

shape analysis from the upper section of the peak rather than the bottom as is 

conventionally done. The Gaussian test predicts a standard deviation of 0.29999 at 90%, 

85% and 80% of peak height using the equation 4-4. The error in prediction is negligible 

(7.4x10-5 %), which confirms the validity of the Gaussian test approach along with its set 

of constraints. The analysis of the residuals shows that there is no departure from the 

perfect Gaussian shape of this peak. The approach for extracting standard deviation at 

heights well above the full width at half maximum (FWHM) such as 85% or 90% peak 

height is based on the observation that the upper regions of real chromatographic peaks 

are nearer to perfect Gaussian function even for severely distorted peaks. The idea was 

validated by testing more than ten tailing, fronting, or peaks with shoulder obtained on 

several stationary phases. For the peak in Figure 3-2(B), the Gaussian test (Figure 

3-2(F)) clearly shows that there is a fronting as well as tailing element. If we wish to 

express the individual contributions from fronting and tailing to the overall peak distortion, 

one can sum the absolute residuals and calculate the fraction of fronting and tailing 

residuals. Doing so, we get a 49.95% distortion contributed by fronting and 50.05% 

contributed by tailing in the simulated peak (Figure 3-2B). Since there is a very slightly 
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larger contribution from tailing, the USP tailing factor turns out to be 1.0006, which would 

have been significantly higher, had the tailing not been masked by the fronting portion. 

Alternatively, one can also measure the area difference between the perfect 

superimposed Gaussian and the real peak from the line of symmetry. 

 

3.6.2 Peak Shape Analysis of an Ultrahigh Efficiency Commercial Core-Shell C18 

Column 

It is important to ensure that there is no peak distortion from the data acquisition 

software for real separations. All data was sampled at > 80, 160 or 200 Hz to fulfil this 

criterion with the smallest possible response times (0.016-0.063 s). The Agilent software 

employs a Gaussian weighted centered moving average as a smoothing algorithm which 

makes all peaks perfectly Gaussian under slow response times. This property is based 

on the concept of Central Limit Theorem, therefore all the true peak shape information is 

lost under those conditions.105 Similarly, Thermo Fisher Scientific’s Chromeleon software 

employs a Savitsky-Golay type filter which can produce “dips” near the peak ends.105 A 

commercial C18 column was tested as a bench mark for peak shape analysis on an 

optimized UHPLC instrument. The manufacturer reports the efficiency of the column as 

38,000 plates as a quality control test. This implies that the reduced plate height of the 

column is 1.46 (assuming a nominal particle size of 2.7 µm). These efficiencies are 

extremely high and can only be obtained after taking special steps to optimize the 

instrument as detailed in previous studies.52,105 The question arises as to whether these 

ultrahigh efficiency columns produce perfect Gaussians or not? Figure 3-3 shows the 

result for a 1,3-dinitrobenzene peak with an efficiency of 38400 plates for a data collected 

at 200 Hz with 0.02 s rise time. The instrument reported USP tailing factor of the peak is 

0.92. The derivative test shows a lack of symmetry (max. 100.395 vs. -103.847). 
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Although derivatives also can enhance the noise, but herein we show that the data 

collected at 200 Hz (considered a very high sampling rate) the derivative test is still useful 

in predicting asymmetry. However, it is recommended to have a high signal to noise ratio 

(e.g. peak height of > 150 mAu). In our case for three replicates, < 1% RSD was 

observed on the minima and the maxima of the first derivative. If there is excessive noise 

on the derivative, one can use a centered moving average or a Savitsky-Golay smoothing 

on the derivative. Most users rarely need a sampling rate above 80 Hz even for sub-

minute separations.52 Classical peak fronting can be interpreted in terms of derivatives as 

a condition where the inflection point maximum of the left side is lower than the right side. 

As will be shown, this is not the only type of fronting peaks that column developers 

encounter. The Gaussian test shows the fronting contribution as well as a smaller tailing 

contribution. By doing the residual analysis, we obtain 72% and 28% contribution to peak 

distortion from fronting and tailing, respectively. This observation is consistent with the 

USP tailing factor of 0.92, however the information on the tailing is absent from the 

traditional calculation. 

 

Figure 3-3. (A) A high-efficiency peak on a commercial C18 column. (B) 1st derivative of 
the peak. (C) the Gaussian Test. For experimental peak, column: C18 Poroshell 2.7 μm 
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superficially porous particles (15 x 0.46 cm i.d.). Analyte: 1,3-dinitrobenzene. Method: 
70/30 ACN/DI water at 1.8 mL/min flow rate. UV detection at 254 nm with 200 Hz 

detector frequency and 0.02 s response time. 

 
The Gaussian test also indicates that there is a departure from perfect Gaussian 

at peak heights 20% and below. The rest of the peak conforms to a pure Gaussian 

profile. Most fronting and tailing for unretained or low retention factor peaks originates 

from a velocity bias (wall effects) due to packed bed heterogeneities.106 In general, 

fronting peaks have very high efficiencies if calculated at the half height. For instance, the 

peak efficiency calculated by second moments in Figure 3-3, are 25,000 as compared to 

38,000 (assuming Gaussian shape). This is a loss of 13,000 plates simply because the 

peak is not a perfect Gaussian. 

 
3.6.3 More Prominent “Eiffel Tower” Effects 

In many cases, the degree of fronting and tailing on a given peak is not 

equivalent but still may be present to a significant extent. Figure 3-4 is a case in point for 

a teicoplanin bonded core-shell column in a 2.1 mm i.d. format. The separation of 5-

methyl 5-phenylhydantoin is a QC test on this column using methanol as a mobile phase. 

The USP tailing of the peak is 1.22. However, a visual judgement (Figure 3-4A) shows 

that there is departure from Gaussian at the peak bottom, coming from some fronting and 

more tailing. The derivative test shows asymmetry (max. = 61.2132, min= -44.8111), 

showing significant peak distortion which is not apparent with the USP tailing factor. 

However, a total peak shape analysis shows the problematic regions of this peak. On the 

front side, the departure from Gaussian function is at 30% peak height whereas the 

distortion of tailing side, starts from 70% peak height and continues below until it meets 

the baseline. Thus, the Gaussian test shows that the total peak is distorted by 22% from 

a fronting element and 78% percent from a tailing element. This tailing arises not from 
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packing but by slow desorption kinetic effects in chiral chromatography,52 however, the 

front is purely a packing artifact.  

 

 
Figure 3-4. (A) A peak that demonstrates a visually apparent “Eiffel Tower Effect”, i.e. 

concurrent fronting and tailing. (B) 1st derivative of the peak showing much shorter 
negative peak indicating tailing. (C) the Gaussian test. For experimental peak, column: 
teicoplanin bonded to 2.7 μm superficially porous particles (15 x 0.21 cm i.d.). Analyte: 

1st eluting enantiomer of 5-methyl 5-phenylhydantoin. Method: pure MeOH mobile phase 
at 0.35 mL/min flow rate. UV detection at 220 nm with 80 Hz sampling frequency and 

0.0631 s response time.  
 

In the previous example, visually perceptible fronting and tailing were present. In 

many cases, the Gaussian and the derivative test must be used to detect even more 

subtle fronting or tailing in the peak that might be obtained during column development. 

More specifically, determining the problematic section of a poorly packed column is 

imperative to the fundamental understanding of the role of suspension rheology under 

extreme pressures (~ 10,000-16,000 psi). For that purpose, a 15 cm x 0.46 cm i.d. 

column was prepared with 2.7 µm core-shell silica (See Experimental). The column 

consisted of three detachable 5 cm columns connected via unions. We intentionally 

chose 2-propanol (to make a viscous slurry) to obtain non-optimal results. The question 

of interest is whether the whole column is bad along its length or only certain sections 
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have a poor bed structure. It turns out that when a non-optimal slurry is chosen; all 

sections of the column perform poorly with the same peak profiles. In Figure 3-5, the 

lowest efficiency bottom 5 x 0.46 cm section of this column is analyzed. The column 

produces reduced plate height h = 3.1 (6000 plates), which is higher than the expected 

reduced plate height of 2. The USP tailing of the peak is 1.08. From a visual analysis, the 

peak shape appears to be symmetrical. Without a proper whole peak shape analysis, it is 

difficult to arrive at any conclusion about the nature of the 2-propanol slurry, whether it 

produces fronting, shoulders or tails etc. The derivative test, confirms that asymmetry is 

present (max 80.738, and min -79.888). The Gaussian test at 85% peak height is 

performed (Figure 3-5). The residuals clearly show that the poor performance of 2-

propanol as a slurry solvent is not only due to a tailing element (visually clear) but a 

subtle fronting element also is present. This fronting element would not have been 

detectable by any tailing factor, skew or kurtosis. The residual analysis shows 29% 

fronting contribution and 71% tailing contribution. Slurry solvents, which produce fronting 

and tailing with broad peaks, should not be further optimized and a new solvent system 

should be used altogether. Thus total peak shape analysis can save time by reducing the 

number of choices for suspension solvents. The following section will clarify how to solve 

these problems. 
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Figure 3-5. The Gaussian test applied on a peak that demonstrates a subtle case of the 

“Eiffel Tower Effect”, i.e. fronting and tailing in a single peak. For experimental peak, 
column: bottom 5 cm section of a 15 x 0.46 cm long packing of native 2.7 μm superficially 

porous particles. Analyte: uracil. Method: 50/50 MeOH/DI water at 1.0 mL/min. UV 
detection at 254 nm with 160 Hz sampling frequency and 0.016 s response time. 

 
3.6.4 Utility of the Proposed Tests in the Analysis of Peak Shapes 

Narrow bore columns (2.1 mm i.d. to 3 mm i.d.) save significant amounts of 

solvents because the same linear velocity as 4.6 mm i.d. columns is obtained at lower 

volumetric flow rates. It is known that narrow bore columns can show significantly lower 

plate numbers, usually up to 40 % reduction, than their 4.6 mm i.d. counterparts due to 

wall effects.116,117 We show how the total peak-shape analysis can help in tuning peak 

shapes during column packing. Herein, we chose ethanol-cyclohexanol system as a 

dispersing medium for core-shell silica particles in 5 x 0.3 cm i.d. columns. Using low 

concentration of silica slurry (~ 2.3% w/v), the derivative test confirms the presence of 
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asymmetry (max. = 84.839 and Min =-82.822) as shown in Figure 3-6(A). For reference, 

the USP tailing for the 2.3% slurry is 0.93, showing that the peak is fronting. The peak 

shape is not acceptable in practice. It is also not clear if this suspension produces tailing 

or not from a single USP number. Only the full peak shape analysis identifies the 

problematic regions of the total peak. The presence of residuals shows significant regions 

of fronting plus tailing elements despite an indication from USP tailing factor that the peak 

only fronts. The contribution to peak distortion is 58% percent from fronting and 42% from 

tailing. Such departures from ideality on the fronting side are easily cured by increasing 

the slurry concentration. As shown in Figure 3-6(B), just by increasing the slurry 

concentration to 16% w/v, the fronting element has become negligible and the left side of 

the peak has a perfect Gaussian character. The value of the derivative still detects 

asymmetry (max. =86.598, min.=-80.282). The peak shape distortion from the Gaussian 

test shows 10% contribution from fronting and 90% from tailing. Note that since uracil is 

an early eluting analyte on a narrow bore column, the persistent presence of tailing has 

its origins in extra-column connections for narrow bore columns. A later eluting peak on 

the same column has negligible tailing. As a result, of slurry concentration increase, the 

peak shape has been tuned by the packing process only. This is a generalization of peak 

shape optimization with slurry concentration that will be discussed in the next chapter.47 

Alternatively, another approach on peak shape analysis which can detect fronting, tailing, 

and peak purity has recently appeared.118 
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Figure 3-6. The Gaussian test applied on examples of (A) asymmetric peak emerged 

from use of a non-optimal (2.3% w/v) slurry concentration and (B) improvement of peak 
asymmetry by using an optimal (16% w/v) slurry concentration. For experimental peaks, 

columns: native 2.7 μm superficially porous particles (5 x 0.3 cm i.d.) packed using 
different slurry concentrations. Analyte: uracil. Method: 80/20 ACN/25 mM NH4OAc at 
0.425 mL/min flow rate. UV detection at 254 nm with 160 Hz sampling frequency and 

0.016 s response time. 

 
 
 

3.7 Conclusion 

Simple objective means to analyze total peak shapes and their departure from 

symmetry and Gaussian profile are proposed. An ExcelTM template is provided which 

automates the entire analysis. Assessment of peak shapes by single valued descriptors 

of peak shape such as USP tailing, skew, or kurtosis are inadequate because they do not 

give a complete picture of the overall peak shape. The derivative test is based on the 

concept that if a peak is symmetric, their inflection points will be mirror images. The 

derivative test is a very sensitive test for the “presence” of asymmetry on any peak 
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shape, even when the data is sampled at very high sampling rates up to 200 Hz. The 

signal to noise ratio should be high for the proposed tests (as is usually the case). The 

Gaussian test superimposes a Gaussian model on a normalized peak with its set of 

constraints and shows the problematic regions of the peak. The standard deviation is 

extracted from the upper section of the peak rather than the conventional half height 

approach. The proposed methods will be useful for researchers engaged in stationary 

phase development, column packing, or hardware design to achieve better peak shapes. 

The approach used in the Gaussian test is general and, in fact, can be used for testing 

the departure of any peak shape from the expected mathematical model. 
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Chapter 4  

Fundamental and Practical Insights on the Packing of Modern High Efficiency Analytical 

and Capillary Columns 

4.1 Abstract 

New stationary phases are continuously developed for achieving higher 

efficiencies and unique selectivities. The performance of any new phase can only be 

assessed when the columns are efficiently packed under high pressure to achieve a 

stable bed. The science of packing columns with stationary phases is one of the most 

crucial steps to achieve consistent and reproducible high resolution separations. A poorly 

packed column can produce non-Gaussian peak shapes and lower detection sensitivities. 

Given the ever larger number of stationary phases, it is impossible to arrive at a single 

successful approach. The column packing process can be treated as science whose 

unified principles remain true regardless of the stationary phase chemistry. 

Phenomenologically, the column packing process can be considered as a constant 

pressure or constant flow high pressure filtration of a suspension inside a column with a 

frit at the end. This process is dependent on the non-Newtonian suspension rheology of 

the slurry in which the particles are dispersed. This chapter lays out the basic principles 

and presents examples for researchers engaged in stationary phase development. This 

chapter provides an extensive set of slurry solvents, hardware designs, and a flow chart - 

a logical approach to optimal column packing, thus eliminating the trial and error 

approach commonly practiced today. In general, non-aggregating, but high slurry 

concentrations of stationary phases tend to produce well packed analytical columns. 

Conversely, C18 packed capillary columns are best packed using agglomerating 

solvents. 
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4.2 Introduction 

Stationary phase development in separation science is an active and prolific 

research area. Once the stationary phase has been developed, the particles must be 

packed into columns to perform separations. A frustrating situation for a researcher 

arises when the desired selectivity is achieved but the column efficiency, measured as 

the reduced plate height h (plate height H/particle diameter dp), turns out to be greater 

than 2 along with a non-Gaussian peak shape. A range of chromatographic materials 

have been developed such as bare silica, modified silica, non-porous or macroporous 

polymers, inorganic oxides (TiO2, Al2O3, and ZrO2),119-121 carbon coated silica,122,123 

diamonds, boron doped diamonds,124 and porous graphitic carbon.125,126 In Figure 4-1, 

the scanning electron micrographs (SEM) of several particle morphologies namely, fully 

porous sub-2 µm silica (FPP), 2.7 µm superficially porous silica (SPP), latex coated 

sulfonated polymer, and 5 μm porous graphitic carbon are shown.57 To overcome 

packing challenges, a thorough understanding of the properties of suspensions and 

hardware design is required. Several properties are desirable for a packed column such 

as Gaussian peaks with h ≤ 2, and a mechanically stable bed which can survive 500-

1000 injections. This chapter highlights the current scientific understanding along with our 

own experience with 20 different stationary phases (Table 4-1), provides insights in 

packing small particles of various polar and non-polar chemistries from the literature and 

from other practitioners. These approaches were developed over the course of packing 

several hundreds of columns in various dimensions. 
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Figure 4-1. Scanning (SEM) and transmission (TEM) electron micrographs of various 
stationary phases (A) SEM of narrow particle size distribution (NPSD) 1.9 μm fully porous 
silica (9500x), (B) TEM of 3.6 μm superficially porous silica (shell thickness 0.5 μm) (C) 5 

μm latex coated sulfonated styrene divinylbenzene (9000x) (D) 5 μm porous graphitic 
carbon (3250x) (E) SEM of 2.7 μm superficially porous particle silica (4000x). (A) and (E) 
were obtained on a Hitachi S-3000N SEM instrument. Sample was sputter coated with 

Ag using CrC 100 sputter system prior to imaging. 

 
Table 4-1. List of stable bonded chemistries successfully packed in our laboratory and 

evaluated in HPLC and SFC. The phenomena discussed in this chapter have been 
developed through experience of packing of these stationary phases. 

Teicoplanin (FPP and SPP)52,127  Hydrosilated quinine128 

Teicoplanin aglycone52,127 Carboxylated cyclofructan 129 

Vancomycin (FPP and SPP)52 127 Fully porous bare silica 1.9 µm (this 
work) 

Zwitterionic phosphonium based 
phases (unpublished work) 

Superficially porous bare silica 1.5, 2, 
and 2.7 µm (this work) 

Hydroxypropyl-β-cyclodextrin52 Fully porous C18 silica 1.9 µm (this 
work) 
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Cyclofructan 6 isopropyl 
carbamate52 

Fully porous C18 silica 5 µm 
(unpublished results) 

Carbon clad zirconia130 Mercapto-linked quinine128 

Carboxylated porous graphitic 
carbon131 

Cyclofructan 7 dimethylphenyl 
carbamate52 

Sulfonated EVB-DVB particles 4.4 
µm57 

DNB-Phenylglycine (unpublished work) 

DNB-Diphenylethylenediamine C10 
linker (unpublished work) 

DNB-Diphenylethylenediamine C3 linker 
(unpublished work) 

DNB-Leucine derivative 
(unpublished work) 

 

 
4.3 Phenomenological Understanding of the Slurry Packing Process 

The column packing process is a pressure filtration of a suspension into a 

cylindrical mirror polished tube with a frit at the end (Figure 4-2). The force of filtration is 

obtained from a pump which can operate in a constant pressure or constant flow mode. 

The current understanding of the slurry packing process of columns is far from complete 

because it is difficult to model suspension rheology, particle to wall friction, and behavior 

of the particle solvent interface under extreme pressures ranging from 4000 to 30,000 

psi. As the bed of particles is formed, the secondary consolidation processes take place 

to make a tighter bed under pressure.132 The pressure is such that it is 2-3 times the 

expected pressure on the chromatograph. After the column is packed, the pressure is 

removed and the column is capped. There are numerous column geometries with the 

options of construction materials such as stainless steel, polyether ether ketone (PEEK), 

and PEEK or glass lined stainless steel tubes. The column nomenclature is typically 

classified as capillaries (20 µm to < 1 mm i.d.), microbore (1 - < 2.1 mm i.d.), narrow bore 

(> 2.1 - 3.9 mm i.d.), and normal bore columns (3.9 - 5 mm i.d.). Preparative columns 

employ slurry packing or mechanical approaches such as dynamic axial packing or radial 

compression to obtain high efficiency preparative columns and will not be considered 

here.133  
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Figure 4-2. A downward slurry packing system for packing analytical columns (up to 

20,000 psi). The connection tubings are connected by a collar and gland type or 
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Swagelok fittings. The pre-column should be at least 5-10 cm long with the same i.d. as 
the column being packed (real pictures published elsewhere47). 

 
4.4 Hardware Design Considerations 

Well-designed column packing hardware is critical to achieve high efficiency 

columns in any format. Figure 4-2 is a schematic of the hardware: a solvent reservoir 

connects to an ultrahigh pressure pump which pushes the suspension of particles held in 

a slurry chamber attached to a pre-column and an empty column. Under pressure, a 

tightly packed bed builds up in a dynamic fashion (with an axial density gradient of 

particle concentration). We prefer pneumatically driven pumps (30,000 psi max.) which 

operate in a constant pressure mode. The main drawback of penumatic pumps is the 

large pressure pulsations during the “breathing cycle” of piston strokes. Electrically driven 

piston pumps (up to 18,000-25,000 psi) can also used either in constant flow or constant 

pressure mode. If accurate flow rates are required,  up to 30,000 psi, specially designed 

syringe pumps can be used. Typically 10, 20, 40, and 80 mL slurry chambers with 1.4 cm 

(or narrower) i.d. are employed for 2.1 to 4.6 mm i.d. columns. Verzele134 achieved 

maximum efficiency when the geometries of the slurry chamber and the column matched. 

It is important to match the pre-column diameter extending from the slurry chamber with 

the column for a smooth transition of the suspension into the column. Any disturbance by 

a poor design/bent tubing, damaged seals usually leads to a failed column. The slurry 

chamber can be externally heated by circulating hot water as shown in Figure 4-2 using a 

heating jacket.57 For the slurry chamber design, the pushing liquid can be made to enter 

the chamber at a 90° angle, rather than vertically. If vertical entrance is preferred, a flow 

distributor which distributes the liquid in horizontal directions (images of a real setup are 

published elsewhere47) is used. The logic behind this design is to prevent rapid mixing of 

the suspension with the pushing solvent.  
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The outlet frit retains the stationary phase inside the column during packing. Frits 

should be chosen to withstand pressures (4000-30,000 psi) during column packing. 

Figure 4-3 shows SEM of a metal based and a PEEK based frit. The stainless-steel 

based frit in Figure 4-3A shows visible metal filings possibly retained from manufacturing 

process. The PEEK based frit in Figure 4-3B was attached to a column outlet and the 

column was packed at 10,000 psi. After packing, the frit was removed and examined 

(Figure 4-4) using high-resolution digital microscope (Keyence VHX digital microscope, 

Keyence Corporation, Osaka, Japan). It was found that the frit was damaged during the 

packing leaving a 56.13 μm wide hole on the surface. A more detailed depth analysis 

(Figure 4-5) revealed the depth to be 10.60 μm. A hole of this size could easily retain 

several particles of 5 μm or smaller size and cause the bed to be uneven, leading to band 

broadening. The theoretical importance of frit designs and flow distribution properties is 

discussed elsewhere and it should be ensured to use high quality frits made from small 

sintered particles.135  
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Figure 4-3. SEM of column frits obtained on a Hitachi S-3000N SEM instrument. (A) SEM 
of an unused stainless-steel based frit from manufacturer A is shown at 250x 

magnification. The left region shows possible metal filings left from machining while the 
right shows the porous region of sintered particles. (B) SEM of the porous region of an 

unused PEEK based frit from manufacturer B is shown at 200x.  
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Figure 4-4. A high-resolution image of the PEEK based frit from Figure 4-3(B) after it had 
been exposed to 10,000 psi during a packing. A 56.17 μm diameter hole appeared on the 
surface when the damaged frit was removed from the column. The manufacturer lists the 
specification of the frit to be above 10,000 psi. Image taken using Keyence VHX digital 

microscope using Z20 lens with 200x magnification.  
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Figure 4-5. Surface depth analysis of the damaged frit pictured in Figure 4-4 using the 
Keyence VHX digital microscope with lens Z20. The bottom half shows the graph of 

depth revealing the hole to be 10.60 μm deep, large enough to fit a few silica particles 5 
μm or smaller in size.  

 
 

The packing methods for capillaries usually involves high pressures (5,000-

40,000 psi) using pneumatically driven pumps.136 Alternatively, for capillary packing, a 

high pressure generator is a manually operated piston screw pump can also be employed 

(High Pressure Equipment Company, PA). These pumps can compress small volumes of 

liquids (< 100 mL) to extremely high pressures without producing pressure pulses. A 

schematic of a custom designed system is shown in Figure 4-6 which is based on the 

system designed by Jorgenson (see elsewhere for real images47).137 The capillary is 
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placed in a small suspension chamber (stirred with a small magnetic bead), and high 

pressure is applied from a pneumatic pump directly to a bolted chamber. The packing 

behavior can be monitored by an optical microscope. For packing capillary columns, the 

column frits are often prepared in-house by the Kasil frit method and other techniques.138 

Additionally, the capillaries can also be packed in a downward fashion without a stir bar 

just like an analytical column. The key requirement in such design is to have a precision 

engineered bore in the outlet, matching the i.d. of the capillary. This allows smooth 

transition of the suspension of the particles into the capillary rather than clogging the 

capillary head (a common problem). Capillaries are often sonicated during packing. 

Several commercial slurry chamber designs have pressure limitations of  9000 psi and 

utilize He gas to push the solvent through capillaries. The readers can consult the classic 

work on high pressure hardware design by Spain and Paauwe.139  

Figure 4-6. A high-pressure upward slurry packing system for capillaries (up to 30,000- 
60,000 psi). The microscope can be used for examining the bed as the capillary is being 

packed. See external publication for real images.47 

 
4.5 Fundamental Insights into the Slurry Packing Process 

  The following sections describe the theoretical considerations in the column 

packing process to achieve good results. 
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4.5.1 Particle Size Distribution and its Role in Column Performance 

The concept of “reported” particle diameter is rather complex and there are 

several ways to express the particle size. To theoretically estimate ℎ, the true particle 

diameter must be known for making any judgements on the packing procedure. The 

Sauter diameter 𝑑𝑆𝑎𝑢𝑡𝑒𝑟 is commonly used for quoting chromatographic particle sizes. It 

represents the diameter of a sphere that has the same volume to surface area ratio as a 

particle and it is defined as:140  

 
𝑑𝑆𝑎𝑢𝑡𝑒𝑟 =

∑ 𝑛𝑖𝑑𝑝,𝑖
3

∑ 𝑛𝑖𝑑𝑝,𝑖
2  

( 4-1 ) 

where n is the number of particles and dp is the particle diameter. The Sauter 

diameter is easily determined by Coulter-counter techniques.140 One may also employ 

laser diffraction particle size analyzer or scanning electron microscopy (SEM) and 

measure the particle diameter, e.g., by using ImageJ software for SEM images for n > 

500 followed by using equation (1).141 It will be clear from Figure 4-1 that there is no 

“unique” particle size and, at times, there is a significant departure from the nominal 

particle size. Another specification for size distribution is the percentile ratio,  
𝑑 90

𝑑10
; where 

d90 and d10 are the particle diameter at 90th and 10th percentile of the particle size 

distribution (PSD), respectively. The closer the value of  
𝑑 90

𝑑10
 is to unity, the narrower is the 

particle size distribution. Commercial stationary phase particles rarely come close to 
𝑑 90

𝑑10
 

of unity. Titan particles (1.9 µm, Supelco, Sigma-Aldrich) marketed as “monodisperse” 

silica have a 
𝑑 90

𝑑10
 ~ 1.3, while other suppliers for sub-2 μm silica have even higher 

ratios.127 The larger size distribution can have a very significant effect on the bed density 

and affect the efficiency in deleterious ways (as per recent reports)142,143 or beneficial 

ways (e.g. having a small percentage of large particles).144 Sometimes adding 5-10% of 
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larger particles than the nominal size being packed implemented in practice to ease the 

packing process.137  

 
4.5.2 Role of Stationary Phase Fines in a Column Performance 

Fines refer to very small spherical or irregular particles found in particulate 

materials (e.g. in Figure 4-1D). The problems in particle size distribution mainly arise if 

smaller particles (and fines) are the major cause of size distribution rather than larger 

particles. Higher back-pressure than expected from the nominal size is observed in such 

cases. A study on fines concluded that “it is not so much the width or span of the particle 

size distribution, but rather the presence of fines that greatly determines the 

chromatographic performance of particulate columns.”142 SEM will reveal the quality of 

the particles, presence of debris or foreign material before and after synthesis. If 

magnetic bars are used for small scale synthesis, some particles may be crushed by 

mechanical/grinding forces. This is true for soft materials or silica of low mechanical 

strength, porous graphitic carbon, or coated particles such as carbon clad zirconia etc. 

 
4.5.3 Picking Suspension Solvents for a Given Stationary Phase 

Choosing the right and stable suspension medium for given particles is very 

important for successful packing. The term “stable” suspension refers to the fact that the 

critical suspension properties do not change significantly in a given time-frame of the 

column packing process. All suspensions are thermodynamically unstable but may be 

kinetically resistant to settling (compare the stability of colloids).145 Table 4-2 shows an 

extensive summary of slurry solvents utilized in packing for various surface chemistries. It 

is also useful to consider wettability, dispersion state, viscosity, density of the solvent, 

and shear thickening/ thinning properties before finalizing the choices (vide infra). 
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Table 4-2. A guide to choosing slurry solvents for capillary and analytical columns. 
Suspension with chosen solvent should be examined by optical microscopy. 

(a) Silica: MeOH,56,146 IPA,147-149 Acetone,147,150,151 70:30 IPA:MeOH, 1:1 5% Tween 
20:ethylene glycol,152 50/2.5/47.5 ethylene glycol/Tween 20/Water,152,153 
IPA:CCl4 

(b) Cyano Silica Phases: Anhydrous EtOH,147 (50:50) → (90:10) Toluene:IPA,147  

(c) Reversed Phase Silica Phases (C18 type): 50:50 MeOH:IPA,154,155 1:1 
paraffin:CCl4,155-157 Acetone,158-161 1:2 acetone:hexane,162 CHCl3,159,163 80:20 
CHCl3:MeOH (with acidic additives), 95% EtOH:n-propanol:toluene 1:1:1(v/v) 
Reversed Phase Silica Phases (C4/C8 type): Anhydrous EtOH,147 Anhydrous 
IPA,147,156,159 50:50 Acetone: IPA,147 (50:50) → (90:10) THF:IPA147 

(d) Silica based HILIC Phases including Amino Silica and Sugar Bonded 
Phases: 98:2 ACN: 1M NH4NO3, 70:30 Dichloromethane:MeOH, (50:50 → 
90:10) Toluene/IPA147 

(e) Polymeric Ion-Exchangers/ Stationary Phases: Pure deionized water (heated 
slurries),57,164 2:1 Acetone:H2O,165 Acetic acid/ethylene diamine/polyethylene 
glycol/mono(nonylphenyl)ether in DI water,166 Note: Polymeric phases usually 
swell in organic solvents unless highly cross-linked 

(f) Carbon Based Phases including Porous Graphitic Carbon: MeOH,167 
dichloromethane,168 neutral surfactants such as Igepal in water 
Modified hydrophilic PGC: Pure deionized water167 

(g) Hybrid Materials: Carbon coated zirconia (IPA), Carbon coated silica (N-
methylpyrrolidone), Polymer coated zirconia (IPA, 50:50 IPA:THF), Core-shell 
diamonds (50:50 acetone:water) 

(f) Additional Successful Blends for Dispersing Stationary Phases: 50:50 
IPA:THF, 50:50 IPA:acetone, 50:50 MeOH:acetone, 50:50 IPA:chloroform with 
organic acid additives such as formic acid, 80:20 MeOH:cyclohexanol, 80:20 
MeOH:glycerol, 80:20 EtOH-cyclohexanol, 80:20 1-butanol cyclohexanol, 80:20 
EtOH-anhydrous dimethylsulfoxide, 50:50 MeOH:dioxane, 85:15 
Dichloromethane: MeOH, acetone:dichloromethane, butanol:dimethylsulfoxide, 
pure acetone (the ratios can be varied depending on achieving a dispersed 
state) 

 
4.5.4 Wettability and Surface Energies 

One of the most obvious requirements is to choose a solvent which will wet the 

stationary phase surfaces. An incorrect match leads to “creaming” i.e. the stationary 

phase rises to the surface. For example, water will not wet C18 silica, or a carbonaceous 

phase (see Figure 4-7); the stationary phases keeps floating on the surface despite 

having higher densities than water. This example of “creaming” occurs when the solvent 

is unable to wet the stationary phase such as 1.9 µm C18 stationary phase dispersed in 

absolute ethanol and water. Water is unable to wet a C18 phase; hence it is not a useful 
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slurry for packing this particle chemistry. By adding surfactants in water, one can still 

disperse the particles. 

 

Figure 4-7. 1.9 µm C18 phase dispersed in ethanol (left) and water (right). This is an 
example of creaming. Although ethanol is able to wet the phase, it is highly 

agglomerating; therefore, not a suitable suspension medium.  
 

The wetting process originates from a balance of surface forces. 

Thermodynamically, if the spreading coefficient S, as defined in equation 5-2,169,170 is 

positive, then wetting will occur spontaneously. Here 𝛾 represents surface energies, the 

subscripts S refers to solid and L refers to liquid phases, and LS represents the liquid-

solid interface. 

 𝑆 = 𝛾𝑆 − (𝛾𝐿 + 𝛾𝐿𝑆) ( 4-2 ) 

 
Harkins and Feldman170 noted that free surface energy of solids is usually larger 

than liquids e.g. silica has a surface energy (𝛾𝑆) of 287 mJ/m2, whereas water has 

surface energy of 72.2 mJ/m2, the spreading coefficient is likely to be positive assuming 

𝛾𝐿𝑆 to be small.171 Silica is indeed thoroughly wetted by water. Organic materials such as 
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polymeric phases have usually lower surface energies than inorganic materials. In other 

cases, especially for aqueous dispersions, wetting agents such as neutral, cationic, or 

anionic surfactants will usually lower 𝛾𝐿 and  𝛾𝐿𝑆. For instance, porous graphitic carbon 

phase (PGC), which is not wettable by water at all, forms a stable suspension in the 

presence of neutral surfactants such as Igepal. As Table 4-2 shows, surfactants such as 

Tween 20 (polyoxyethylene-sorbitan monolaurate), Igepal DM-970, sodium lauryl sulfate, 

and polyethyleneglycol mono(nonylphenyl) ether have led to significant improvement for 

packing C18 silica, bare silica, and ion-exchange resins in narrow bore tubes as well as 

capillaries.152,153,166 Note that adding the surfactants may not be the first priority, since 

wetting agents not only affect the surface tension and viscosity but can also lead to an 

unstable suspension. Kirkland pointed out a very interesting solvent: hexafluoro-2-

propanol (HFIP) which he termed as a “universal” slurry medium.55 He postulated that the 

reason for the capability of HFIP to handle a wide variety of stationary phase types is that 

the molecule has low surface energy at one end from the halogen atoms, and high 

surface energy (hydroxyl groups) at the other side of HFIP. Thus, HFIP can “energy 

match” various stationary phase chemistries. Thus, Kirkland concluded “high surface 

energy, polar unmodified silica requires methanol or some other high surface energy or 

polar solvent. Modified particles with much lower surface energy, such as C8 or C18 

(which still contains many polar unreacted silanol groups), should be packed with a lower 

surface energy, less polar solvent such as tetrahydrofuran, methyl-t-butyl ether, or 

mixtures such as acetonitrile/chloroform.”55 
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4.5.5 Viscosity and Density Considerations of Solvents and the Suspension 

The viscosity and density of the solvent(s) both contribute to the suspension 

stability as predicted by the Stokes law on settling velocity v. For a suspension of porous 

particles of finite concentration, the settling velocity v is:  

 
𝑣 =

(1 − 𝜑)−𝜅 𝑑𝑝
2{𝜚𝑝(1 − 𝜀𝑖) + 𝜚𝑙(𝜀𝑓 − 1)}𝑔

18𝜂
 

( 4-3 ) 
 

where (1 − 𝜑)−𝜅 is a hindered settling function of particles in suspension of 

volume fraction 𝜑,  𝜚𝑝and 𝜚𝑙are the densities of the particle skeleton and the liquid, 𝜂 is 

the viscosity of the liquid, and 𝑔 is the gravitational constant. The 𝜀𝑖 is the particle 

porosity and 𝜀𝑓 is the fraction of a total particle volume.172 The particle skeleton densities 

can be measured with a He based stereopycnometer.172 The skeleton density of porous 

silica is 1.98-2.19 gm/cm3.172 From an examination of the modified Stokes law (equation 

5-3) for the settling of porous particles, it is clear that a lower particle density and a higher 

solvent viscosity will prevent settling. This concept led to use of balanced density 

methods (now obsolete because of toxicity concerns of brominated solvents). A better 

metric for choosing solvents systems is their kinematic viscosity 
𝜂

𝜌
 rather than individual 

density or viscosity values e.g. acetone, chloroform, methanol, and isopropanol (IPA) 

have kinematic viscosities of 0.41, 0.38, 0.745, and 2.7 cSt, respectively. Thus, a 

suspension made in pure IPA will settle very slowly, but it will also be very viscous and 

will pack extremely slowly with small particles. Often peak shoulders are observed in very 

viscous suspensions when packed at medium pressures of 10,000 psi. Binary solvent 

mixtures offer greater flexibility in tuning the density, viscosity and surface energies of the 

slurry system. For example, adding acetone to IPA in 1:1 ratio would bring its viscosity 

from 2.6 down to ~ 0.6 cSt which can offer higher flow rates under constant pressure 

packing. Perhaps, the “universal” nature of hexafluoro-2-propanol (HFIP) as a 
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suspension medium is due to its high density 1.596 g/mL which is closer to silica and low 

viscosity 1.03 cP (compare from water 1 cP).  

 
4.5.6 Non-Newtonian Behavior of Suspensions 

In the previous section, the physicochemical properties of neat solvents or their 

mixtures were highlighted. The particle concentration affects the surface tension as well 

as the viscosity of the suspension.173 If we express volume fraction 𝜙 of particles in a 

suspension as the 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 ⁄ , then the 

relative viscosity 𝜂𝑟𝑒𝑙 (compared with the pure solvent system), as the particle 

concentration increases, the relative viscosity of suspension becomes a higher order 

polynomial function as shown in equation 5-4.174  

 𝜂𝑟𝑒𝑙 = 1 + 𝐵𝜙 + 𝐵1𝜙2 +… ( 4-4 ) 

 

where, B is a constant. This relationship shows a faster viscosity increase as the 

particle concentration is increased. In reality, most suspensions are non-Newtonian which 

implies that their viscosity is dependent on the flow rate (or shear rate). One can estimate 

the shear stress 𝜏 and the wall shear rate �̇� under constant velocity conditions with a 

pressure drop Δ𝑃 in a tube of radius r and flow rate of V/t.:175  

𝜏 =
Δ𝑃𝑟

2𝐿
 �̇� =

4

 𝜋𝑟3
(

𝑉

𝑡
) 

( 4-5 ) 

 

Only three papers have paid attention to practical rheology, in detail, in column 

packing and with non-Newtonian suspension behavior.57,153,175 The suspensions which 

become very viscous with flow rate are shear thickening and the ones which drop the 

viscosity are shear thinning (Figure 4-8). Paradoxically, all non-aggregating solid 

suspensions, which often produce the highest plates, display reversible shear thickening 

under the right conditions.176 These conditions are dependent on particle properties (size 
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distribution, shape, particle-particle interactions), continuous phase viscosity and the 

nature of suspension deformation (extensional or shear type).176 On the other hand, 

agglomerated suspensions can have permanent clusters (flocculates), and are typically 

shear thinning. Light scattering experiments (using Bragg diffraction) have shown that 

there is microstructural changes when suspensions make transitions from Newtonian to 

non-Newtonian behavior; these changes are referred to flow induced order-disorder 

transitions (Figure 4-8).174 The term hydroclusters is used to describe this localized flow 

induced suspension density variations (which can form in protic/aprotic solvents). These 

rheological ideas are summarized by Barnes.176  

 

Figure 4-8. The change in the microstructure of a suspension explains the transition to 
shear thinning and shear thickening. In equilibrium, random collisions among particles 

make them naturally resistant to flow. But as the shear rate increases, particles become 
organized in the flow, which lowers their viscosity (shear thinning). At yet higher shear 

rates, hydrodynamic interactions between particles dominate over random collisions and 
the viscosity increases significantly (shear thickening). 

 
4.5.7 Fundamental Problems with Narrow Diameter Columns 

Herein a fundamental issue with narrow diameter columns is highlighted, which 

are increasingly becoming popular because of LC-MS compatibility. Improved detection 

sensitivity (less dilution of the injected band) when operated at the same linear velocity as 
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a wider bore column, saving of solvent and expensive stationary phase are additional 

benefits. Unfortunately, narrow bore columns present significant theoretical and practical 

challenges. From the following equation 5-6 obtained from solving the diffusion problem 

in 3 dimensions in an empty tube, two critical problems in narrow bore columns are 

discussed.177  

 𝐶(𝑟, 𝑧, 𝑡) =
𝑀

(4𝜋𝑡)3/2𝐷𝑡√𝐷𝑎

exp [
−(𝑧 − 𝑢𝑡)2

4𝐷𝑎𝑡
−

𝑟2

4𝐷𝑡𝑡
] 

( 4-6 ) 

 

where C is the analyte concentration, r, z are radial and axial coordinates at time 

t, M is injected mass, Dt  is the dispersion coefficient in the radial direction and Da is the 

dispersion coefficient in the axial direction, u is the linear velocity. The first problem 

pertains to the limiting case of the last term in the equation 6, (4𝐷𝑡 ∗ 𝑑𝑒𝑎𝑑 𝑡𝑖𝑚𝑒) ≪  𝑟𝑐
2, 

where rc is the column radius. This situation corresponds to the elution time being smaller 

than the time to “see and explore” the total radius of the column. Herein, the influence of 

packing heterogeneities near the wall is negligible but the flow path distribution at the 

inlet and the outlet of the column is not (hence the importance of frits). The problem is 

clearly illustrated in Figure 4-9, where the low retention band traveling in center has a 

separate velocity as well as a separate band shape compared to the wall. It is now well 

established as to why a non-Gaussian peak shapes arise due to velocity bias around the 

column walls.178 It can be shown that there is significant velocity bias in the center and 

the wall by implanting electrochemical detectors at radial positions on the column 

outlet.177 Such wall effects were well known in chemical engineering 50 years ago.179 The 

"wall region" extends to 30-50 particle diameters. Conversely, if (4𝐷𝑡 ∗ 𝑑𝑒𝑎𝑑 𝑡𝑖𝑚𝑒)  >>

𝑟𝑐
2, this implies that solute spends enough time in the column to reach radial equilibration 

and “see and explore” the walls. This case pertains to narrow (capillary like) columns. 
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Counterintuitively, one rarely sees fronting or tailing in packed capillaries, rather the 

peaks are symmetrically broad.137 Any distortion introduced by the heterogeneity near the 

walls is compensated by the trans-column diffusion. Two types of wall effects were 

recognized and understood much later in chromatography.180 The first is the geometrical 

wall effect just because the particles cannot penetrate the walls; the second wall effect is 

the oscillation in the porosity of the bed as one goes from wall towards the center.181,182  

 
Figure 4-9. The velocity bias between the wall region and the center of a radially 

heterogeneous packed bed (packed by the manufacturer). Sample: p-benzoquinone, 
recorded by electrochemical detection at the center and the wall of the outlet frit. Column: 

10x0.46 cm i.d. Kinetex-C18 2.6 μm SPP. MP: 30/70 water/methanol, k = 0.1. 

 
4.6 Practical Insights into Packing High Efficiency Analytical and Capillary Columns 

This section will discuss the practical considerations in slurry packing of capillary 

and analytical columns while providing a useful set of guidelines. These concepts have 

been developed after an experience of packing of over 17 different surface chemistries 

(see Table 4-1). The chemistries comprise chiral, HILIC, polymeric, reverse phases, silica 

based ion-exchangers, zwitterionic phases, porous graphitic carbon, π-complex phases, 

and carbon clad zirconia particles in analytical/narrow bore formats. The flow chart in 

Figure 4-10 is a general outline for packing when starting with a new stationary phase. If 

prior information on the packing procedure is not available, one can start by picking 5 
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slurry solvents (use HPLC grade/anhydrous solvents) from Table 4-2 after thoroughly 

cleaning, defining, and drying (if applicable) the stationary phase and the hardware. It 

may be useful to determine the charge on the stationary phase, if dealing with hydrophilic 

chemistries or polar chemistries by zeta potential measurements. Fines, if visible in the 

SEM, can be removed by suspending the stationary phase in a low viscosity solvent in a 

container such as a 1 L Schott bottle. Solvents such as hexane, methanol, or water (if 

polymeric particle is used) can be cleaned of light debris, and colloidal particles if used to 

suspend the material. If one sees signs of flocculation, another solvent must be chosen 

since all large and small particles will settle together. It is better to use a dispersing 

suspension. The suspension is sonicated and allowed to settle for few hours or overnight. 

The supernatant is carefully discarded by suction with a Teflon tube connected to a 

vacuum flask. The process can be repeated again. Decantation can disturb the bed and 

should be avoided. There can be significant loss of material and the number of steps 

should be kept to a minimum for removing fines. A note of caution: Presence of 

moisture in the stationary phase, high humidity, or moisture in the hardware can result in 

poor efficiency especially with halogenated solvents because of particle aggregation.183 

For some charged polymeric phases, organic solvents cannot be employed (because of 

swelling), there even pure deionized water as suspension medium can produce reduced 

plate heights of < 2.57  
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Figure 4-10. The flow chart for logical optimization of slurry packing. 

 
Once a suitable choice of the solvent system is made from preliminary 

judgements of density, viscosity, and wettability; optical microscopy of the suspensions 

should be performed. It is the most useful qualitative predictor of packed column’s 

performance. Figure 4-11 shows a comparison of microscopic images of two silica and a 

polymeric stationary phase in dispersed and agglomerated forms. To perform optical 

microscopy, place few drops of a dilute suspension and observe the suspension near the 

edges of the cover slip. The evaporating liquid (at the air interface) causes motion in the 

suspension and one can easily see how the particles would travel during the column 

packing process. One major problem occurs when the solvent’s refractive index matches 
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with that of silica (e.g. CCl4 + silica). In such cases, small amounts of other solvents can 

be added until the particles are visible. A slurry that promotes dispersion of particles 

would pack in a “layer by layer” fashion forming a random closed packed structure and 

resulting in a tightly packed high-efficiency column at high flow rates. Oppositely, an 

agglomerated slurry can induce packing of stationary phase particles in clusters leading 

voids in the beds. For capillaries, we wish to point out a stark difference for C18, where 

agglomerated suspensions followed by sonication have produced the best results.56,136 

Unfortunately, there are very few packing details published on other stationary phase 

chemistries in capillaries. For now, it may be useful to keep the “world” of capillaries 

separate from the narrow bore and analytical columns.  
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Figure 4-11. Optical microscopy of stationary phase suspensions. Derivatized 

cyclofructan-7 bonded to 2.7 μm SPP in (A) 98:2 methanol:1M NH4OAc – agglomerated 
slurry and (B) 1:1 CHCl3:IPA – dispersed slurry. A suspension of 4.4 μm non-porous 

sulfonated ethylvinylbenzene-divinylbenzene in (C) 0.1M MgCl2 – agglomerated slurry 
and (D) Deionized water – dispersed slurry. 

  

 
A settling test or vial test,57 should be performed by letting a sonicated 

suspension settle and monitoring the nature of the bed so formed in small vials or better 

in Wintrobe tubes (narrow test tubes with a length scale). A vial test example is shown in 

Figure 4-12 for sub-2 μm FPP C18 silica. After settling, the vial can be tilted and rotated 

for bed examination.57,130 Note: Very low viscosity suspensions, such as those made in 

acetone and dichloromethane, can settle very fast (e.g. 2 µm SPP silica) and the settled 

bed may appear to be loose, but the microscopic examination will reveal that the 



 

88 
 

suspension is still very dispersed. A loose bed (or lager height in a Wintrobe tube) is an 

excellent test of a poor solvent system. As a caveat, very dispersive suspensions but in a 

low viscosity solvent (acetone/dichloromethane system) may settle very fast yet yield 

excellent columns.  

 
Figure 4-12. 1.9 µm C18 fully porous particles (Titan) suspended in ethanol. The particles 

are allowed to settle after sonication (preferably overnight) and the bed is examined by 
tilting the vial. Note how the bed slides down the base of the vial. A loose bed (shown 

above) is an indicator of a bad slurry. Indeed, EtOH produced very poor columns 
regardless of the slurry concentration (80,000 N/m plates vs. 210,000 N/m plates using a 

dispersive suspension). 

 
Settling speed alone is not a good predictor. An excellent review for shear 

thickening in non-aggregating suspensions is given by Barnes.176 The phenomenon itself 

is very complex, perhaps not fully understood to date. Although in future studies, 

suspension rheology will eliminate many problems in column packing. However, 

currently, one can propose only qualitative tests. Shear thickening and its effects on 

column packing was first demonstrated by Wahab et al. in ion-chromatography.57 The 

phenomenon of shear thickening can be observed easily with concentrated corn starch 

dispersed in water. If concentrated enough, when force is applied to the surface, the corn 

starch surface becomes solid and difficult to break through. However, surface can be 

easily manipulated with hands. A simple rheological test to determine shear thickening in 
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a given solvent, referred as “the filament test” or “test on a spatula”, can be done as 

follows. One can make a very concentrated suspension by adding few drops of slurry 

solvent on the stationary phase in a vial. Quickly moving a thin spatula, one can notice 

the resistance offered by suspension in the motion of the spatula, followed by 

drying/cracking. As the motion is stopped, the suspension becomes wet and shiny (from 

the so-called dilatancy effect). Lifting the spatula from such suspensions forms a flowing 

filament (an indication of shear thickening system) as seen in Figure 4-13.  

 
 

 
Figure 4-13. A thick suspension of C18 1.9 μm FPP silica showing a filament formed 

when picked up with a pipette. 
 

After choosing the slurry, carefully pour the sonicated suspension into the slurry 

chamber (e.g. with a syringe), the top-up solvent should be very carefully trickled into 

chamber without disturbing the slurry concentration. The first column can be packed as a 

trial based on the initial parameters suggested in Figure 4-10. The criteria for choosing a 

push solvent are given in Table 4-3. It should not be very compressible at the packing 

pressures nor denser than the slurry itself. For instance, if hexane is chosen, at 10,000 
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psi, it will be compressed as 158x10-6/bar. We prefer a pressure ramp starting from 0 psi 

to the final pressure (in 10-20 seconds) for safety and improved reproducibility. The 

packing pressure is typically chosen to be at least twice (or thrice) the operating 

pressures. We consistently see a significant efficiency loss, if the packing pressure is 

similar to the operating pressure especially in short columns. In general, for 4.6 mm i.d. 

columns, 10,000 to 12,000 psi is sufficient, whereas narrow bore columns are typically 

packed at 16,000 psi to 30,000 psi for particle sizes < 5 µm silica or other inorganic 

oxides. Polymeric/carbonaceous materials cannot handle this pressure. Once the column 

is packed, the system should be allowed to come to the atmospheric pressure and the 

column should be removed as soon as possible, flattened with a blade knife, and fitted 

with a frit. An unretained solute peak and a well retained solute peak should be analyzed 

for plate count and a total peak shape assessment should be performed.48  

 
Table 4-3. Criteria for choosing push solvents 

(a) Degassed solvents with relatively low compressibility at high pressures 
(> 10,000 psi) and low viscosity e.g. acetonitrile, MeOH, isooctane, 
toluene, hexane, acetone, hexane:IPA, or in some cases with aqueous 
slurries, pure water can be used.   

(b) Ideally, agglomerating solvent for the stationary phase  
(c) Density should be lower than the solvent blend used in the chamber so 

that the push solvent floats on the suspension   
 

4.6.1 Total Peak Shape Analysis after Packing Experiments 

During packing experiments, one may obtain non-Gaussian peak shapes. The 

departure from Gaussian shape of an unretained analyte is a manifestation of flow 

heterogeneity problems from poor velocity distribution in the packed bed (Figure 4-14). In 

Figure 4-14A, a peak with concurrent fronting and tailing is shown, the asymmetry of 

which is not identifiable by asymmetry factors such as USP tailing factor As.48 However, 

with use of Gaussian superimposition at the peak top, one can detect concurrent fronting 
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and tailing. The example shown in Figure 4-14B is a seemingly symmetric peak which 

only shows its concurrent slight fronting in addition to tailing when analyzed with 

Gaussian superimposition.  

 

Figure 4-14. Gaussian test applied to experimental peaks for testing a peak shape after 
column packing. The peaks show concurrent fronting and tailing which remain 

undetected by the USP tailing factor. The residuals here show the problematic regions of 
the peaks (A) Column: teicoplanin bonded 2.7 μm SPP (15x0.21 cm i.d.). Analyte: 1st 

eluting enantiomer of 5-methyl-5-phenylhydantoin, (B) the bottom 5 cm section of a long 
column packed with 2.7 μm SPP silica in IPA slurry. Analyte: uracil. Retrieve the total 

peak shape analysis template from ref 48. 

 
4.7 Practical Insights with Illustrative Examples 

Illustrative examples based on fundamentals discussed above will be 

demonstrated below. The general principles are straightforward and applicable to virtually 

all stationary phases. All columns were packed with a pneumatically driven Haskel 

(DSHF-202) pump using slurry chambers (10, 20, 40, 80 mL) from Scientific Systems Inc. 

(USA) and pushed with either methanol or acetonitrile. The packing hardware utilized in 

all experiments was similar to that shown in Figure 4-2, except that the push solvent 

entered vertically through a flow distributor. The glassware/ apparatus was oven dried 
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and disposable Norm-Ject syringes (Henke Sass Wolf) were used for volume 

measurements of solvents. All slurry concentrations reported in this work are %w/v as 

g/mL. Chromatography was performed on an optimized Agilent 1290 Infinity series 

UHPLC.52,184 As suggested in the flow chart, the SEMs revealed the absence of fines or 

broken/cracked particles in the silica used in the following experiments. The efficiencies 

of the peaks were calculated by the half-height method whereas distorted peak 

efficiencies were determined by the second moments (Agilent OpenLab). The peak 

asymmetries (As) are based on the USP tailing W0.05/2f0.05, where W0.05 is the width at 5% 

peak height and f0.05 is the distance from the leading edge to the peak maximum at 5% 

peak height. The results and phenomena discussed below were found to be reproducible 

(data not shown).  

4.7.1 Dispersed Slurries Produce Better Columns 

Figure 4-15 shows a very important and general phenomenon that has a 

profound effect on the column performance. It is postulated that dispersed suspensions 

should pack “layer by layer” producing a uniform bed without channeling or voids 

resulting in high-efficiency columns. On the other hand, agglomerated suspensions can 

pack as “loose clumps” piling up on each other resulting in a loose bed. Intuitively, one 

would expect to have more voids in such a bed structure. These concepts are shown 

using a 2.7 μm SPP dimethyl phenyl cyclofructan-7 bonded chiral (polar) stationary 

phase and a 1.9 μm FPP bonded C18 silica (Figure 4-15). Additionally, two different 

column geometries were chosen to illustrate the key differences between agglomerated 

and dispersed suspensions. As pointed out earlier, a dispersed and agglomerated 

suspension will have the opposite rheological behaviors, shear thickening and shear 

thinning, respectively.185 To obtain a dispersed suspension, various combinations of 

several organic solvents (chosen from Table 4-2) were assessed via microscopy (Figure 
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4-11A,B), sedimentation, and shear thickening test. It was found that a mixture of 1:1 

chloroform/IPA provided a dispersed slurry and 98:2 MeOH/H2O (ammonium acetate) 

agglomerated the particles. The kinematic viscosities of 1:1 chloroform/IPA and 98:2 

MeOH/H2O are 0.58 and 0.76 cSt, respectively.186,187 A trial packing was performed with 

5% w/v concentration at 10 000 psi in a 5 cm × 0.46 cm i.d. column. Figure 4-15A,B 

shows the peak profiles from a dispersed and agglomerated slurry, respectively. Although 

identically packed otherwise, a change of slurry dispersion state provided more 

symmetric peaks with 178 000 N/m and h = 2 (Figure 4-15A), while the agglomerated 

slurry produced only 77 400 N/m (Figure 4-15B) and h = 4.8 which is a ∼60% decrease in 

efficiency.52 The lower backpressure of the agglomerated slurry column also indicates a 

more loosely packed bed. 

 

 

 
Figure 4-15. Performance comparison of dispersed vs. agglomerated slurries on 

analytical and narrow bore columns with different surface chemistries. (A) and (B) show 
the 5x0.46 i.d. columns packed with 2.7 μm SPPs bonded to cyclofructan-7 

dimethylphenyl carbamate (CF7-DMP) analyzed with 1,3-dinitrobenzene using 70/30 
heptane/EtOH at 1.0 mL/min. (C) and (D) show the 10x0.21 cm i.d. columns packed with 
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C18 bonded 1.9 μm FPP silica analyzed using a mixture of uracil, 1,3-dinitrobenzene, 
and biphenyl (in order of elution) using 60/40 ACN/Water at 0.2 mL/min. 

 
For an achiral example, a 1.9 μm FPP silica C18 was packed in 10 cm × 0.21 cm 

i.d. columns. Using a procedure similar to that described for 4.6 mm i.d. columns, two 

slurry mediums were used that provided a dispersed slurry (85/15/0.1 

CHCl3/MeOH/formic acid; literature value of kinematic viscosity of 85/15 CHCl3/MeOH188 

is 0.38 cSt) and an agglomerated slurry (absolute EtOH, kinematic viscosity 1.51 cSt) 

under an optical microscope. Using 8% w/v slurries, two 10 cm × 0.21 cm i.d. columns 

were packed at 12 000 psi, and their performance comparison is shown in Figure 4-15C 

and D. The dispersed slurry produced far greater number of plates (217 000 N/m) as 

compared to the agglomerated slurry (142 000 N/m, a ∼35% decrease). Also apparent 

are the significantly enhanced peak symmetries for dispersed slurries while the 

agglomerated slurry shows more tailing. The remarkable efficiencies seen in Figure 

4-15C far outperform the specifications of many 10 cm × 0.21 cm i.d. C18 columns from 

major manufacturers (170 000 N/m). Consistent with our postulate on agglomerated 

suspensions forming a loose bed, the agglomerated slurry column showed a 10 bar lower 

(∼5%) backpressure. 

Note that in each successful case of dispersed suspensions, the additional 

benefit comes from the low kinematic viscosities of chloroform-IPA and chloroform 

methanol (<1 cSt) with relatively high densities, which is consistent with our discussion 

on choosing appropriate solvent systems. In contrast, simply choosing a low kinematic 

viscosity solvent such as hexane/pentane/acetone will not produce a good column. 

Additionally, our previous experience with Hypercarb, polymeric cation exchangers, fully 

porous (1.9–5 μm) and core-shell particles of various sizes (1.5–2.7 μm) convincingly 
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illustrate the advantages of using dispersed suspensions producing near theoretical plate 

height of two particle diameters.52,57,127,128,130,131 

 

4.7.2 Can Agglomerated Slurries Ever Produce Good Columns in Analytical or Narrow 

Bore Formats? 

In our experience52,57 and that of others,35 analytical and narrow bore columns 

packed with agglomerated suspensions of particles have invariably performed poorly (as 

shown in Figure 4-15), regardless of the stationary phase chemistry. The failure rate is 

very high but occasionally one might obtain acceptable efficiency. However, 

reproducibility of such experiments is very low. For example, aqueous slurries of 4.4 μm 

sulfonated ethylvinylbenzene-divinylbenzene in the presence of Al3+, Mg2+, and Na+ ions 

which caused particle agglomeration (Figure 4-11C) always produced very low efficiency 

columns. When pure DI water was used, it dispersed the particles because of their high 

negative zeta potential (−52 mV) and produced high efficiencies.57 Silica has a very 

negative zeta potential in water (−56 mV) implying a highly charged surface; hence, it is 

difficult to agglomerate. For the native 1.9 μm FPP silica, no suitable slurry solvents could 

fully agglomerate the silica particles except toluene, which produced permanent 

flocculates. Similarly, 1.9 μm fully porous silica when packed using pure THF (∼23% w/v 

slurry concentration, agglomerated) into 5 cm × 0.3 cm i.d. columns produced very low 

plate counts (83 800 plates/m). A mixture of oleylamine and hexadecyl-

trimethylammonium bromide, when added in EtOH, partially agglomerated the silica 

particles. The adsorption of the surfactant and amine on the surface can produce a 

pseudo-C18 like phase. A 5 cm × 0.21 cm i.d. column packed with this 18% w/v slurry at 

8 000 psi produced 200 000 N/m in a 2.1 mm i.d. column with slight tailing (see Figure 

4-16). A similar attempt for a positively charged phase hydrosilylated quinine (2.7 μm 
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SPPs) failed in agglomerated suspensions. This stationary phase provided high 

efficiencies (180 000 N/m), when packed with a dispersive suspension of 

chloroform/IPA.128 Our recommendation is to start with dispersed slurries for quickly 

optimizing column packing processes. Partially agglomerated suspensions, especially of 

ion-exchangers, may produce good columns. For the capillaries, researchers have 

shared with us137 that partially dispersed or high concentration suspensions produce very 

high efficiencies with theoretically expected plate heights H = 2dp (see more discussion in 

the following sections) especially with C18 phases. 

 

 

 
Figure 4-16. Performance of agglomerated slurries for polar 1.9 μm bare silica packed in 
5 x 0.21 cm i.d. column with 18% w/v/w 100/0.1/0.075 EtOH/oleylamine (assay: 80-90% 
C18 content)/hexadecyl-trimethyl-ammonium bromide slurry. Analyzed using a mixture of 
uracil and cytosine (in order of elution) with 90/10 ACN/100mM NH4OAc at 0.2 mL/min. 

  

4.7.3 No Column is Axially or Radially Homogeneous 

Figure 4-17 shows interesting examples of a long 0.46 cm i.d. column packed 

with 2.7 μm bare SPP silica. The IPA slurry was chosen because it dispersed the 

particles; however, it does have a high viscosity to density ratio (2.6 cSt). Three 5 cm × 

0.46 cm i.d. columns, connected in series, with unions were packed at 10,500 psi using a 

4.3% w/v suspension. In general, high viscosity and dispersive suspensions are shear 

thickening and often produce fronting peaks due to high shear rate at the column walls. 
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Qualitatively, IPA suspension of SPP particles displays shear thickening effect when a 

dense suspension is with a spatula. The question arises if a column performs poorly, is 

the entire column bad or are only certain sections of it. Figure 4-17 shows the 

chromatographic performance of three sections. There are several remarkable features in 

the figure: (a) the bottom column section shows the highest back-pressure and poorest 

column efficiency (b) and the top column shows (generally lower pressure) and 

comparable efficiency (within error) to the middle section. We also observed that the top 

section is metastable i.e. high efficiency but the bed settles with time. This is consistent 

with the fact that the top column section experiences the least force under constant 

pressure mode. In fact, the total column length dictates which sections of a column will 

perform the best, e.g., for a 15-cm column, the bottom and the middle sections were the 

best as shown previously.158 However, the authors employed 10 μm C18 silica particles 

using acetone suspensions and no detail on column interfacing was provided. Our 

studies with 2.7 μm SPPs (bonded or nonbonded) showed that bottom sections always 

perform poorly regardless of chosen slurry solvent than the middle or top sections for 15 

cm formats. In the constant pressure mode, the initial flow is very fast but drastically 

decreases as the hydraulic resistance increases from the packed bed. In a constant flow 

mode, the pressure builds up as the bed is formed while the flow remains constant. In 

each case, the entire column does not experience the same pressure drop. The smaller 

asymmetry of the bottom section (As = 1.24) is deceptive because the peak is both 

fronting and tailing as revealed by the total peak shape analysis (Figure 4-14B).48 

Performing the total peak shape analysis reveals interesting properties of the sections. 

The bottom section, which packs the fastest in the constant pressure mode, has the 

highest contribution from fronting to the overall peak distortion. This contribution 

decreases with middle section and is the lowest for the top section. This trend is 
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consistent with Equation( 4-5 (γ̇ = 4V/πr3t), which shows that the shear rate will be 

highest at the walls and high shear rate (high flow) will produce shear thickening effects 

in a viscous suspension, such as IPA. This implies that the wall region is different from 

the bulk packed region making it radially heterogeneous as well. Alternatively, instead of 

section packing, one can do peak parking experiments to assess which part of a column 

is “bad” along its entire length from the shape of the distorted peak.189 

 

 
Figure 4-17. Packing homogeneity of various parts of a column investigated through 

packing of 2.7 μm SPPs in 5x0.46 cm i.d. columns in series using a 4.4% w/v IPA slurry 
at 0-10,500 psi final pressure and evaluated chromatographically individually. Sample: 

uracil. Mobile phase: 1:1 MeOH:Deionized Water, 1.0 mL/min, 254 nm. 
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4.7.4 Narrow Bore Columns are Not Easy to Pack 

In narrow bore columns, the wall effects can easily affect the column efficiency 

resulting from the proximity of the column wall to the injected band. One can roughly 

estimate the time it takes for radial equilibration as (dc
2/4Dt). It can be shown,177 with L/u 

of <50 s, in a 2.1 mm i.d. column, it will take 1000 s for an analyte to reach the walls, 

whereas for a 4.6 mm i.d. column, it will take 5000 s. Since the wall region is “different or 

heterogeneous” in the packing structure than the rest of the bulk, narrow bore columns 

usually offer lower plates than their 4.6 mm i.d. counterparts. 

From a practical perspective, narrow bore columns typically show two major 

problems, namely, higher permeability (which implies loose packing) and up to 40% lower 

plates as compared to their wider bore counterparts (3 or 4.6 mm i.d.), even in the 

absence of extra-column effects. Note that all the packing phenomena in going from a 4.6 

i.d. to 2.1 mm i.d. remain the same. As we decrease the diameter, for the same pressure, 

the absolute force decreases since force = pressure × area. Not only the absolute force 

but linear velocity changes with the column diameter. Thus, narrow bore columns with 

sub-2 μm particles are often packed at 15 000–30 000 psi in industrial settings. However, 

this might be an “overkill” situation since medium pressures with the right slurry choice 

may be adequate to form a random closed packing and further pressurizing may simply 

decrease the permeability. Figure 4-18 shows the difference in peak shape distortion as 

the column diameter changes from 4.6 mm to 3 mm i.d. after being packed with 1.9 μm 

FPP silica using the same conditions (3.4–3.5% w/v, 80:20 IPA/CHCl3). It is clear, that 

the 3 mm i.d. column shows significantly more distortion (what we refer to as a “foot” in 

the chromatographic peak) as seen from lower efficiency and USP tailing. 
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Figure 4-18. Enhancement of wall effects in a narrow and analytical bore columns packed 

identically with bare 1.9 μm FPP silica at 11,000 psi final consolidation pressure. (A) 
5x0.3 cm i.d. column, 0.425 mL/min. (B) 5x 0.46 cm i.d. column, 1.0 mL/min. Mobile 

phase for both chromatograms was 80/20 ACN/25mM NH4OAc. Sample: uracil, adenine, 
and cytosine (in the order of elution). Efficiency is calculated by statistical moments to 

account for peak shapes that strongly depart from the Gaussian profile.   
  

Note that in this case, although the slurries were fully dispersed, the kinematic 

viscosity of 80:20 IPA/CHCl3 is 1.9 cSt.187 The density of the solvent system is 0.83 g/mL. 

As we stated in the theory section, high kinematic viscosity solvents can lead to fronting 

or peaks with “foot” on the leading edge. This is a consistent effect seen with many 

stationary phases and it is most likely a rheological phenomenon rather than stationary 

phase chemistry related issue. The cure is described in the next section. 

 

4.7.5 Shear Thickening as a Kinetic Process: The Influence of Slurry Concentration on 

Column Performance 

Often dispersed suspensions produce a so-called “foot” on the front side of 

otherwise narrow peaks which probably arises from the shear thickening effects. The 
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peak efficiency in such cases, if calculated by half-height method in Figure 4-18, gives 

226 000 N/m (h = 2.3). Shear thickening suspensions (dispersed) may lead to channeling 

(thick suspension tend to crack), if given sufficient time during packing. Figure 4-19 

shows a comparison of three different slurry concentrations on the performance of 5 cm × 

0.3 cm i.d. columns packed with 1.9 μm FPP silica using a dispersed slurry. It is apparent 

that the lower slurry concentrations (3.5 and 10% w/v) led to low efficiencies (75 000–

89 200 N/m) along with a distinct foot on the leading edge of every peak. This systematic 

behavior is an indication of channeling or cracks in the packed bed. Increasing the slurry 

concentration is known to prevent formation of large voids in the packed bed and, 

accordingly, as the slurry concentration is increased to 23% w/v, significantly higher 

efficiencies (206 000 N/m) along with improved peak symmetries are noted. Our 

hypothesis is that since shear thickening has a kinetic aspect, a 23% w/v suspension 

packs the column very fast as compared to more dilute slurry concentrations, thus 

mitigates the non-Newtonian behavior. This phenomenon is reproducible and general 

rather than stationary phase specific. As indicated in the flowchart, Figure 4-10, it is 

recommended to start with a 7–10% w/v slurry concentration for columns and further tune 

the peak shape to make it symmetrical. If tailing is seen instead of fronting, the slurry 

concentration can be lowered to prevent particle agglomeration. A question often brought 

up is that whether by increasing slurry concentration in a dispersive medium, are we 

essentially agglomerating the particles? This is a misconception because even with high 

slurry concentration, optical microscopy shows that the particles are indeed separate 

from each other. The particles are close but not flocculated (clumped); this criterion still 

differentiates this concentrated suspension in a dispersive medium from an agglomerated 

one. 
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Figure 4-19. Effect of varying slurry concentrations on 5x0.3 cm i.d. columns packed with 
1.9 μm fully porous native silica using a dispersed slurry of CHCl3/IPA using a pressure 
gradient 0-8,000 psi followed by 8,000-11,000 psi for 15 min each. Sample: mixture of 
uracil, adenine, and cytosine (in the order of elution). Mobile phase: 80/20 ACN/25 mM 
NH4OAc, 0.425 mL/min, 254 nm. (A) 3.5% w/v slurry concentration (B) 10% w/v slurry 
concentration (C) 23% w/v slurry concentration, N obtained using statistical moments. 

 
4.7.6 Influence of Packing Pressure in Short Analytical Columns 

The packing pressure is a factor that can be altered to affect the rate of bed 

formation and the performance of the column as indicated in Figure 4-10. Besides 

column efficiency, a packed bed should be stable to >1000 injections and the pressure 

shocks it receives at every injection from valve switching. A dispersed slurry of 1:1 

acetone/IPA (found using the approach in Figure 4-10 and solvents from Table 4-2) was 
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used to pack bare 2.8 μm SPP silica in 5 cm × 0.3 cm i.d. column at 5 000, 8 000, 10 000, 

and 12 250 psi, respectively. The column packed at 5 000 psi performed the best with 

194 000 N/m followed closely by the columns packed at 10 000 and 12 250 psi which 

produced about 175 000 N/m (Figure 4-20). This experiment shows that very high 

packing pressures may not be necessary for packing narrow-bore columns, and even 

pressures as low as 5 000 psi can be adequate for a 5-cm column, since pressure drop 

per unit length is what matters rather than the absolute pressure value. However, if the 

short column is to be used at high flow rates, higher packing pressure should be 

employed. For example, a 5000 psi packed column should not be employed if the 

working pressures are ≥5000 psi. One practical exception for very high pressure packing 

is the guard columns (0.5–1 cm) which we still pack at 10 000 psi for 2 μm silica SPP or 

FPP (considering the length including the bed packed in the precolumn). 
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Figure 4-20. Effect of packing pressure on the chromatographic performance of 5x0.3 cm 

i.d. columns packed with 2.8 μm native SPP silica using dispersed slurry 1:1 acetone: 
IPA slurry (ca. 16% w/v concentration). Sample: uracil and cytosine (in order of elution). 

Method: 90/10 ACN/100mM NH4OAc, 0.425 mL/min, 254 nm. (A) 5000 psi, (B) 8000 psi, 
(C) 10,000 psi, and (D) 12,250 psi packing pressure. Pressure ramp was from 0 to the 

final pressure.  

 
 

4.8 Packing of Capillary Columns: It is a Separate World 

Capillaries, like narrow bore columns, save solvent and expensive stationary 

phase and provide high detection sensitivity. Unlike the analytical bore columns, there is 
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no fronting or tailing in capillaries because of fast lateral diffusional relaxation provided 

the capillaries are long enough to satisfy the Aris-Taylor dispersion requirements.137 

Capillaries have produced phenomenal efficiencies (h as low as 1.0) which have never 

been observed in analytical or narrow bore columns.136 As the trend of moving to smaller 

particle size continues, this work only covers packing methods for capillary packed with 

sub-2 μm SPP and FPP, largely derived from the work of Jorgenson on C18 

chemistries.56,136,137,162,190-194 When choosing to pack a capillary column, the same 

principles apply; optical microscopy is still the best predictor of the packed capillary. 

Figure 4-21A shows a comparison of slurry solvents on the performance of capillary 

columns packed with 1.1 μm C18 SPPs. The proprietary solvent is very dispersive, 

whereas acetone and hexane are partially agglomerating and MeOH produced large 

aggregates. It is clear from the van Deemter curve that a flocculated suspension is 

beneficial in producing higher efficiencies for reversed phases in capillaries. The logic 

behind choosing agglomerated suspension is that snow-ball effect, where a clump 

containing large number of particles simply piles up on the bed reducing the size 

discrimination between the wall and the central region.137 Microscopy videos of capillaries 

being packed clearly show this effect, whereas dispersed dilute suspensions pack in the 

center as a pile and the particles roll-off toward the walls.56,137 Following the guidelines in 

Figure 4-10, next the slurry concentration should be optimized. Figure 4-21B shows that 

increasing the slurry concentration from 0.3 to 2.5% w/v drastically enhances the capillary 

performance (173 000 to 318 000 N/m). Through studies of capillary bed structure with 

confocal laser scanning microscopy, it was discovered that the bed heterogeneity 

between the capillary column’s wall region and the bulk packed region is the key 

contributor to poor performance and so is the presence of voids.182,195,196 This 

heterogeneity can be influenced with changes in slurry concentration as increasing the 
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slurry concentration leads to an even distribution of voids across the bed improving its 

uniformity.181,192 
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Figure 4-21. The van Deemter plots (h vs. reduced velocity v) of packed capillaries which 

show the effect of packing C18 SPP particles in (A) various slurry solvents and (B) 
various slurry concentrations in an agglomerating solvent in 30 µm i.d. capillaries. 

Dashed black lines represents ideal limits in (A) and (B). The effect of ultrasonication 
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during packing with high slurry concentration (20% w/v) with C18 FPP in 1 mx75 µm i.d. 
is shown in (C).   

 
 

Increasing the slurry concentration also leads to an increased number of voids in 

the packed bed, eventually resulting in diminishing returns.181,192 Figure 4-21C shows a 

recent study that demonstrated performance improvement from ultrasonication during 

packing with concentrated slurries (20% w/v) and achieved an impressive reduced plate 

height of 1.05 for capillary packed with 2.0 μm C18 bridged ethyl hybrid (BEH) FPPs.136 

Compared to this, the columns not sonicated during packing but packed identically 

otherwise produced h in the range of 1.8–2.2. It was reported that the use of 

ultrasonication (at 80 kHz) during packing prevented formation of large voids typically 

formed when using high concentration slurries.136 To the best of our knowledge, first use 

of ultrasonication during packing of analytical and capillary columns was reported by 

Light156 and Novotny,197 respectively. For metallic analytical columns, the metal can 

absorb the ultrasonic energy (typical sonic bath), and we have seen poor packing results 

in doing so. It is highly desirable to learn whether there are any drawbacks of 

ultrasonication on column stability and lifetime. In this publication and many others from 

the past decade, there are no systematic results on long-term bed stability with 

agglomerated slurries, because such beds may be metastable because of their high 

permeability. In packing a capillary using supercritical fluids, stable beds have been 

reported after 6 months of use.198 

 

4.9 Future Directions for Column Packing and Improving Chromatographic Efficiency 

It is apparent that emerging techniques in improving column efficiencies will try to 

circumvent the problems of axial and radial heterogeneities of the packed beds, which 

are main causes of poor column performance. 
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4.9.1 Colloidal Crystals as Chromatographic Beds 

One of the most interesting directions is enhancing column efficiencies using 

monodisperse colloids which organize themselves in long-range-ordered crystals.199 This 

arrangement is excellent for any chromatographic columns since simulations have shown 

that a crystalline bed can provide extremely high efficiencies (h < 1).200 The authors 

tested simple cubic (sc), body-centered cubic (bcc), and face-centered cubic (fcc) 

arrangement of particles and concluded that zone broadening is less for the fcc structure 

than the sc and bcc structures at the van Deemter minimum. Surprisingly, the random 

packed bed outperformed at higher flow velocities. It is known that uniformly sized silica 

particles can self-assemble into highly ordered fcc crystals. 201 Reproducible packing 

studies and packing procedures are yet to be demonstrated for making crystalline packed 

capillaries from colloidal crystals. 

 
4.9.2 3D Printing of Columns and Wall Patterning 

Three dimensional (3D) printing can possibly bring a paradigm shift in separation 

science, where 3D printed columns will circumvent many packing problems and wall 

effects. It is possible to obtain crystalline packing in simulations which can be 3D printed 

to obtain an ideal packed bed. In the first proof of concept of a 3D printed column, the 

researchers simulated perfectly ordered beds with octahedral beads (115 μm apothem) 

packed in a simple cubic configuration.202 The models were then printed by UV curing of 

acrylonitrile-butadiene-styrene powder layers. A complete column including a bed, flow 

connectors, and flow distributors were printed. An interesting capability of 3D printing is 

the possibility to embed the particles in the wall. This approach will break the geometrical 

discontinuities which occur near the walls of all existing capillary and analytical columns. 

In 2016, Agilent Technologies (Santa Clara, CA) patented a technology of creating spiral 
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patterns on the column walls referred to as “structured walls” to potentially circumvent 

these geometrical constraints.203 However, no supporting chromatography was provided. 

Of course, for chromatographic purposes, a 3D-column must be able to withstand high 

pressures and provide high surface area. Other alternatives such as pillar-array columns 

have emerged as ordered separation media which can also provide very high 

efficiencies.204 

 

4.9.3 Nonconventional Column Packing Approaches 

Although the slurry packing at high pressures has remained a preferred method 

of packing columns, other methods such as packing using supercritical fluids,198,205,206 

electro-kinetic packing,207 and packing by centripetal forces have been tested with mixed 

results.205,208,209 Packing capillaries using supercritical CO2 has also been considered a 

viable alternative to the traditional slurry packing.198 Packing capillaries using centripetal 

forces uses acceleration of particles with an in-house designed apparatus that can spin 

the columns during packing.208,209 This approach could significantly improve the 

productivity due to the possibility of packing multiple columns simultaneously as well as 

rapid speed of packing.210 

4.9.4 Active Flow Management (AFM) 

AFM is not a column packing approach; however, it is a clever way to circumvent 

the radial heterogeneities of the packed bed as highlighted in the limiting cases of 

Equation( 4-6. In AFM, the analyte is introduced into the center of the column. A “curtain 

flow” of mobile phase prevents the solute from seeing and exploring the wall region of the 

column.211 A segmented outlet fitting is designed to allow sampling of the central region 

of the band. With this approach, significantly higher efficiencies are obtained because of 

the elimination of the wall effects (a virtually infinite diameter column) as well as 
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concentrating the sample in the central zone. The sample from the central section is 

passed through a detector as a plug. Note that in this column technology, only the inlet 

and outlet ports have been altered. A traditional main body of the column (cylindrical 

tube) is utilized. It was shown that for a 5 μm C18 column (100 mm × 4.6 mm), which the 

reduced plate heights of butyl benzene decreased from 2.9 to 2.3, just by the curtain flow 

approach. Significant improvement in peak is also observed. 

 

4.10 Conclusions 

Herein a unified approach toward the science of making high efficiency 

reproducible packed columns was presented. Theoretical considerations and non-

Newtonian properties of suspensions were shown. The nonlinear viscosity behavior of 

suspensions can govern the nature of the packed bed (e.g., jammed state, shear 

thickened state etc.). Therefore, column packing can be considered as an ultrahigh 

pressure filtration process of a non-Newtonian suspension. After gaining experience from 

a range of nonpolar to polar stationary phases with modern SPP and FPP of narrow 

particle size distribution, a flowchart was developed to provide a logical progression of 

packing stationary phases of any chemistry. Illustrative examples were shown showing 

different packing phenomena and suspension properties. Results indicate that relatively 

concentrated nonaggregating suspensions usually produce better packed analytical and 

narrow bore columns regardless of the stationary phase chemistry. The best packed 

reversed phase capillaries usually require aggregating solvents. More studies are needed 

for capillary columns using different stationary phases to generalize this phenomenon. 

New directions in colloidal crystals, 3D printing are laid out and the use of 

nonconventional approaches such as 3D printing and active-flow management are 

highlighted. Future work on quantitative suspension rheology is needed to understand 
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and model the dynamics of the column packing process, a technology which will continue 

to evolve for several decades to come. 
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Chapter 5  

Quinine Bonded to Superficially Porous Particles for High-Efficiency and Ultrafast Liquid 

and Supercritical Fluid Chromatography 

 
5.1 Abstract 

Two new anion-exchange columns were prepared by bonding tert-butyl 

carbamoylated quinine to 2.7 μm superficially porous particle (SPP) silica to create chiral 

stationary phases for high-efficiency and ultrafast chromatography. Performance and 

retention parameters of these new columns are compared with an analogous 5 μm fully 

porous particle (FPP) based Chiralpak QNAX column and a 3-4 fold increase in efficiency 

was observed. Ultrafast separations ranging from 12 seconds down to sub-second are 

shown using 2.7 μm SPP bonded via hydrosilation to the selector. Potential benefits of 

2.7 μm SPP based columns for increased LC-MS compatibility were investigated. A van 

Deemter plot comparison showed 2.7 μm SPP based columns provided a lower reduced 

plate height and a higher optimal linear velocity compared to the 5 μm FPP based 

column. With geometry-independent kinetic plots, 2.7 μm SPP and 5 μm FPP based 

columns were assessed for their kinetic performance and the maximal number of plates 

each column can generate in a given analysis time. The 2.7 μm SPP based column 

showed remarkable performance improvements in speed and efficiency as indicated by 

the kinetic plots. 

 

5.2 Introduction 

The separation of enantiomers is among the more challenging chromatographic 

separations due to the fact that conventional strategies employed to separate achiral 

analytes are ineffective when applied to enantiomers. Researchers have devised new 
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and improved chiral selectors with differing enantiomeric selectivity over the years.9,10,12-

14,17,18,20,25,212,213 As the introduction of effective, new classes of chiral selectors has 

slowed, other important factors such as efficiency and analysis speed have started to 

garner attention from the chromatography community.45,52,62-64,127,184,214,215 For the past 

few decades, unprecedented growth in analyses of chiral analytes as potential small 

molecule drug candidates in the pharmaceutical industry has spurred the development of 

techniques that increase the throughput in chiral separations.45 Researchers have 

explored various column screening methods to reduce method development time, and 

they utilized smaller particle sizes of fully porous particles (FPPs) and superficially porous 

particles (SPPs) to improve efficiencies and analysis times, which is a typical constraint in 

enantiomeric separations.22,52,59,63,64,71,127,184,215-219 Both a parallel column screening 

approach for rapid method development and use of injector programming to increase 

throughput have been reported.214,216 Short columns also have been utilized in 

sub/supercritical fluid chromatography (SFC) with gradient methods for fast screening of 

analytes.22,71  

Since their introduction in 2007, the latest generation of 2.7 μm SPPs have 

shown notable performance for achiral separations and have shown efficiencies 

comparable to sub-2 μm FPPs, at a reduced backpressure.49,220 Lindner and coworkers 

reported the first use of this morphology in chiral separations by preparing a quinidine 

based stationary phase on 3 μm SPPs.64 Thereafter, researchers attempted to use SPPs 

for coated polysaccharides and bonding with a cyclic oligosaccharide to gain efficiency 

and reduce analysis times.53,65,66 Efforts to achieve high efficiencies and short analysis 

times in chiral analysis remained confined typically to a few example separations, until 

Patel et al. reported ultrafast chiral separations in liquid chromatography of more than 60 

enantiomers in less than 40 seconds.52 Combination of high selectivity chiral selectors 
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(macrocyclic glycopeptides and cyclic oligosaccharides), short high-efficiency columns, 

and instrument optimizations led to several separations under 10 seconds, with the 

shortest being 5 seconds.52 Compared to the analogous 5 μm FPP commercial columns, 

a 3-4 fold improvement in theoretical plates/meter (N/m) and a reduced plate height (h) 

as low as 1.6 was achieved with 2.7 μm SPP based CSPs.52 The efficiency gain of SPPs 

come from a decrease in contribution to band broadening from longitudinal dispersion, 

resistance to mass transfer, and particularly eddy dispersion.221 This decline in eddy 

dispersion contribution is caused by improved packing homogeneity.58 Recently, Wahab 

et. al demonstrated sub-second chiral, achiral, and HILIC separations using 0.5 x 0.46 

cm i.d. columns packed with 2.7 μm SPP phases.184 In retrospect, bonding a high 

selectivity chiral selector to SPPs to exploit their high efficiencies, reduced 

backpressures, and shorter analyte retention times is the most promising approach to 

achieve ultrafast separations.52,184,215 A recently published comprehensive review 

highlights the current advances in high-throughput and high-efficiency chiral liquid 

chromatography.45 Some researchers have noted their tribulations in attempting to obtain 

high-efficiency packed beds with polar SPPs.46,222 We do not share these difficulties in 

our work with 2.7 μm SPPs. Next few chapters will document the science behind slurry 

packing and our approach to obtaining high-efficiency packed beds with modern sub-2 

μm FPPs and 2.7 μm SPPs.47,48  

Quinine derivatized with a tert-butyl carbamate moiety shows enantiomeric 

selectivity towards a wide range of acidic analytes, especially N-blocked amino 

acids.16,17,223 Quinine and quinidine based CSPs can sometimes offer opposite elution 

orders which are beneficial in trace analysis and preparative applications.16,17 Providing 

chiral separations in polar organic and reversed phase HPLC modes make this selector 

amenable to use with mass spectrometry (MS). Owing to quinine’s strong interactions 
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with acidic solutes, use of counterions in the form of strong additives/buffers is necessary 

to reduce retention of analytes and improve the peak shapes. High concentration of 

buffers, however, are not compatible with certain MS sources such as electrospray 

ionization (ESI). It is expected that chromatographic performance of quinine phases can 

benefit from being bonded 2.7 μm SPPs.45,184,224  

In this work, we have bonded tert-butyl carbamoylated quinine on 2.7 μm SPPs 

via two different linkage types to prepare high-efficiency anion-exchange CSPs. This 

work is the first report of high-efficiency 2.7 μm SPP based quinine CSPs, and they are 

compared with a 5 μm FPP based commercial column in UHPLC and SFC. We also 

report ultrafast chiral separations using 2.7 μm SPP based CSPs in UHPLC and SFC. 

Further, benefits of enhanced efficiencies and reduced retention times afforded by 2.7 μm 

SPPs were assessed for improving chiral LC-MS compatible methods. A comparison 

between the 5 μm FPP and 2.7 μm SPP based quinine columns is shown with use of van 

Deemter and kinetic plots, depicting the clear advantage of 2.7 μm SPPs for chiral 

separations where efficiency and speed are concerned.   

5.3 Experimental 

5.3.1 Materials 

All solvents, reagents, and analytes including HPLC grade methanol (MeOH), 

formic acid (FA), ammonium formate (HCOONH4), ammonium acetate (NH4OAc), tert-

butyl isocyanate, (3-mercaptopropyl)trimethoxysilane, triethylamine, and triethoxysilane 

were purchased from Sigma-Aldrich (St. Louis, MO, US), unless otherwise stated. (8S, 

9R)-quinine was purchased from Alfa Aesar (Ward Hill, MA, US). Chiralpak QNAX 

column (15 x 0.46 cm i.d.) packed with tert-butyl carbamoylated quinine (attached to 5 

μm FPPs via mercaptopropyl silane linkage) was provided by Chiral Technologies 

Europe (Illkirch, France). Agilent Technologies (Santa Clara, CA, US) provided the SPP 



 

117 
 

silica with 2.7 μm particle diameter, surface area of 120 m2/g, and pore size of 120 Å. 

The core of the SPP is 1.7 μm in diameter and the surrounding shell thickness is 0.5 μm. 

SFC grade CO2 was supplied by Airgas (Radnor, PA, US). Distilled water was further 

purified to 18.2 MΩ.cm using a Milli-Q purification system (EMD Millipore, Billerica, MA, 

US). 

 

5.3.2 Synthesis of Chiral Selectors 

All synthesis procedures were carried out under a dry argon atmosphere using 

anhydrous solvents, when possible. SPP silica was dried in an oven before use. (8S, 

9R)-quinine was derivatized with tert-butyl isocyanate to form tert-butyl carbamoylated 

quinine (tBu-quinine) as reported previously.16 It is crucial to use a chiral selector with the 

highest optical purity available. The smallest amount of chiral impurity can have 

detrimental effect on enantiomeric selectivity.225 Figure 5-1 provides the structures and 

abbreviations of chiral selectors, QML SPP and QHS SPP, synthesized and bonded to 

2.7 μm SPPs via mercaptopropyl silane linkage and hydrosilation, respectively. The 2.7 

μm SPP silica was derivatized with (3-mercaptopropyl)trimethoxysilane to create silica 

with mercaptopropyl linkage based on work reported previously.17,226 The tBu-quinine 

was bonded to silica with mercaptopropyl linkage to create quinine-mercapto linker 

(QML) SPP CSP (see Figure 5-1A).17 To hydrosilate tBu-quinine, it was reacted with 

excess triethoxysilane in presence of ~5 mg of H2PtCl6 catalyst in anhydrous ethanol. 

Unreacted triethoxysilane was removed by washing the product mixture with n-hexanes. 

The tBu-quinine attached to triethoxysilane was then bonded to 2.7 μm SPPs to create 

quinine-hydrosilated (QHS) SPP CSP (see Figure 5-1B). 

 It is noted that the commercial column Chiralpak QNAX packed with 5 μm FPPs, 

used in this study for comparison purposes, has the same chiral selector (bonded via the 
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same chemistry) as the QML 2.7 μm SPP. The elemental analysis data and surface 

coverage of chiral selectors on 2.7 μm SPPs are provided in Table 5-1 (data not available 

for commercial column from manufacturer). Although, the SPPs typically have lower 

overall surface area than FPPs, and consequently a lower absolute amount of the 

bonded chiral selector, it is the relative surface coverage of the selector that governs the 

enantiomeric selectivity, as shown previously.52,53 A notably higher surface coverage was 

obtained on QML 2.7 μm SPP (1.61 μmol/m2) compared to QHS 2.7 μm SPP (0.54 

μmol/m2), which led to better enantiomeric selectivity on QML 2.7 μm SPP in most cases. 

Indifferent to numerous attempts, QHS 2.7 μm SPP could not be prepared with higher 

selector coverage, a limitation to the hydrosilation bonding approach for this CSP.  

 

Figure 5-1. Structures of both variants of the quinine based chiral stationary phases 
prepared in this study. The tert-butyl carbamoylated quinine was bonded to 2.7 μm 
superficially porous particles (SPPs) via A) mercaptopropyl silane linkage (same 
chemistry as 5 μm FPP commercial Chiralpak QNAX) and B) hydrosilation with 

triethoxysilane. 

 
Table 5-1. Properties of chiral stationary phases compared in this study. 

 
Chiral Stationary Phase (CSP) 

quinine 
mercapto linker 
(QML) 

quinine 
hydrosilated 
(QHS) 

 
Chiralpak QNAX 

Silica particle size 2.7 μm SPP 2.7 μm SPP 5 μm FPP 
Dimensions (cm) 5 x 0.46 5 x 0.46 15 x 0.46 
%Ca 6.97 2.26 -b 
%Na 0.73 0.17 - b 
Surface coverage from %C (μmol/m2) 1.61 0.54 - b 
Surface coverage from %N (μmol/m2) 1.45 0.34 - b 
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Theoretical plates N/m (achiral probe)C 182,000 180,000 86,600 
Reduced plate height h (achiral probe)C 2.0 2.1 2.3 
Theoretical plates N/m (chiral probe)D 136,000 136,000 46,000 
Reduced plate height h (chiral probe)D 2.7 2.7 4.3 
Specific column permeability KV (m2) 2.87 x 10-15 2.16 x 10-15 1.03 x 10-14 

Column permeability KV0 (m2) 4.69 x 10-15 3.60 x 10-15 1.42 x 10-14 
aData obtained from elemental analysis of chiral stationary phase bData not available 
from manufacturer  
CAnalyte: 1,3-dinitrobenzene, UHPLC method: 70/30 heptane/EtOH, 1.0 mL/min. 
DAnalyte: dichlorprop, UHPLC Method: 80/20 MeOH/100 mM NH4OAc (pHa 6.0), 1.0 
mL/min. Agilent 1290 UHPLC instrument was used for efficiency comparison with 
configuration as detailed in the Experimental section.   

 
 
5.3.3 Column Packing 

All CSPs were washed with diethyl ether, MeOH, acetonitrile, dichloromethane, 

and acetone to remove any materials adsorbed onto CSP. The silica fines were removed 

by suspending the CSPs in a solvent and removing the supernatant during sedimentation 

process. CSPs were dried in a vacuum oven. A slurry system was optimized for each 

CSP using methods described previously.52,57 These 2.7 μm SPP CSP slurries were 

packed in 5 x 0.46 cm i.d. and 3 x 0.46 cm i.d. analytical columns (IDEX Health and 

Science, Oak Harbor, WA) using a pneumatically driven pump at constant pressures. A 

0.5 x 0.46 cm i.d. C18 guard column (Agilent Technologies) was emptied to be used as a 

0.5 cm column, packed as described in previous statement. The 0.5 x 0.46 cm i.d. 

column featured a 0.5 cm long barrel with a built-in frit at the outlet end attached to a 3 

cm x 127 μm i.d. stainless steel extension fitted with a ferrule and a 1/16’’ fitting.   

 

5.3.4 Instrumentation 

5.3.4.1 Liquid Chromatography System 

Liquid chromatography was performed on an Agilent 1290 Infinity series UHPLC 

system (Agilent Technologies, Santa Clara, CA, US) equipped with a quaternary pump 

with a built-in-degasser, a high-performance autosampler, and a diode array detector. A 2 
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μm inlet filter was attached to all mobile phase lines. The UHPLC system was optimized 

to reduce extra-column volume using a low volume autosampler needle and needle seat 

(Agilent Ultralow Dispersion Kit P/N 5067-5189), a detector flow cell with a volume 

standard deviation of 1.0 μL, and Agilent A-Line fittings with stainless steel tubing (75 μm 

i.d.). The thermostated column compartment and 6-port column-switching valve were 

bypassed to further reduce the extra-column volume. The detector data collection rate 

was set to 160 Hz with a response time of 0.016 s for all separations to minimize the 

instrumental artifacts and avoid peak distortion.52,105 Note that using a very high detector 

frequency with longer analysis times significantly increases the data file size and the 

computer workload. A 3 x 0.46 cm pre-column packed with 50 μm native silica particles 

(M.S. Gel from AGC Si-Tech Co., Ltd, Exton, PA, US) was connected between the pump 

and autosampler to saturate the mobile phase with silicic acid to prevent damaging the 

analytical column. The instrument was controlled by OpenLAB CDS ChemStation 

software (Rev. C.01.06 [61], Agilent Technologies 2001−2014) in Microsoft Windows 8.1. 

Details on retention parameters and data analysis are provided below. 

For the sub-second separation in Figure 5-3C, the autosampler and column 

thermostat were bypassed and the pre-column was connected to a Rheodyne 7520 

manual injector (Rheodyne LLC, Rohnert Park, CA, US) which included a 1.0 μL internal 

sample loop. The manual injector was connected to a 7 cm x 75 μm i.d. NanoViper tubing 

from ThermoFisher Scientific (Waltham, MA, US) attached to the 0.5 x 0.46 cm i.d. 

column which was directly connected to the inlet of the detector flow cell. 

 

5.3.4.2 Sub/Supercritical Fluid Chromatography System 

Sub/supercritical fluid chromatography was performed on a Jasco (Easton, MD, 

US) SFC-2000-7 instrument equipped with a Jasco LC-Net II controller, a Julabo 
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(Allentown, PA, US) FL601 CO2 chiller (set at -10 °C), a CO2 tank, a CO2 pump (PU-2086 

plus), a modifier pump (PU-2086 plus), a Jasco LV-2080-03 solvent selection unit, an 

auto-sampler (AS-2059-SF plus), a high-pressure compatible UV detector (UV-2075 

plus), a backpressure regulator (BP-2080 plus) with a heat controller (HC-2068-01), a 6-

valve changing unit (SCF-VCH-BP), and a make-up pump (PU-2080 plus) to supply 

additional liquid to the backpressure regulator. The SFC system was modified to reduce 

extra-column volume by using a 2 μL sample loop and 75 μm i.d. tubing to connect the 

autosampler to the column inlet and the column outlet to the detector. For ultrafast 

separations shown in Figure 5-3, 254 μm i.d. connection tubing was utilized. The column 

oven was bypassed to further reduce extra-column volume, and separations were 

performed at ambient temperature. The backpressure regulator was maintained at 80 

bar, unless otherwise stated. Time accumulation (moving average) filter was used in UV 

detector setting along with a 100 Hz data collection rate with a 0.0005 min response time 

to minimize instrumental artifacts and avoid peak distortion. The SFC system was 

controlled using ChromNAV software (ver 1.17.01 [build 8] Copyright 2003-2011 Jasco 

Corp.) in Microsoft Windows xP. Details on retention parameters and data analysis are 

provided below. 

 
5.3.4.3 Instrument Optimizations 

Extra-column band broadening can adversely affect the chromatography and 

reduce the efficiency of the peaks, especially in case of short columns packed with small 

particle size silica, as was applied in this work. It is important to use an instrument that is 

optimized with low extra-column volume to realize the intrinsic efficiencies of these highly 

efficient columns. Thus, all chromatography performed in this work was done so on an 

instrument optimized for low-extra column volume. Extra-column band dispersion can be 
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drastically reduced by using the small injection volumes, a narrow i.d. autosampler 

injection needle and needle seat, shortest possible connection tubing with narrow i.d., 

and a low volume detector flow cell.52,227  Using the right fittings to connect tubing that 

can form a zero dead-volume seal is equally important.228 It is also necessary to optimize 

the detector settings for ultrafast separations by using smaller response times and higher 

sampling frequency, where available. Many researchers have suggested using detector 

frequency that provides 20 points per peak, however, as recent studies have shown this 

may not be enough when it comes to very narrow peaks in case of high-efficiency 

columns and ultrafast separations.52,105 It was recommended to use a minimum of 40 Hz 

detector sampling frequency and a maximum response time of 0.13 s to prevent 

deleterious effects on chromatographic peak shapes.52,105 Collecting data at the highest 

detector sampling frequency is recommended so long as it provides adequate signal-to-

noise ratio for the analysis. The manufacturing of improved instruments with lower extra-

column volume, higher detector sampling frequency, and lower response times can 

further help in making these separations even faster.  

 
5.3.5 Chromatography 

The reported chromatographic parameters for UHPLC and SFC were obtained 

from their respective chromatographic data systems listed in the Instrumentation section. 

Resolution (RS) was obtained using half height method (RS =
2.35(tR2−tR1)

2(W0.5,1+W0.5,2)
) ; where tR = 

retention time and W0.5 = peak width at half height. The theoretical plates (N) were 

calculated by half height method N = 5.545(
tR

W0.5
)

2

.  For assessing peak asymmetry, USP 

tailing factor (T) is used. T =
W0.05

2𝑓0.05
; where W0.05 = peak width at 5% peak height and f0.05 = 

distance from leading edge of the peak to the peak maximum at 5% peak height. A T 



 

123 
 

value of 1 indicates symmetric/Gaussian peak, T> 1 indicates tailing peak, and T < 1 

indicates fronting peaks. For the sub-second separation shown in Figure 5-3C, peak 

fitting as exponentially modified Gaussians (EMG) was performed with PeakFit software 

v4.12. See recent work by Wahab et al. for more information.184 All mobile phases were 

degassed using sonication under vacuum and filtered using a 0.2 μm porous filter to 

remove particulates before use. All solvent mixtures are given in (v/v), and separations 

were performed at room temperature, unless otherwise stated. The pHa reported for 

mobile phases is the apparent pH. For all comparison analyses, identical sample 

concentration and volumes were injected on 2.7 μm SPP and 5 μm FPP based columns 

on the same instrument. For comparison in SFC (Table 5-3), 60% CO2 - 40% 

100/0.4/0.35 MeOH/FA/HCOONH4 (v/v/w) was used as mobile phase at flow rate of 4.0 

mL/min. Backpressure regulator was maintained at 80 bar and the temperature was 

ambient. In order to increase the elution strength of the mobile phase, formic acid (FA) 

and ammonium formate (HCOONH4) are added to MeOH modifier (without adjusting pHa) 

in this study. For ultrafast SFC separations (Figure 5-3D-F), 25% MeOH was used as 

modifier with 0.6/0.5 FA/HCOONH4 (v/w) as additives to increase the elution strength of 

the mobile phase with backpressure regulator at 78 bar. The flow rate used was 20.0 

mL/min. For van Deemter and kinetic plots, each analysis was performed 3 times to 

determine the average and the deviation. For each flow rate, columns were allowed to 

thermally equilibrate for 10 minutes prior to the analysis to stabilize frictional heating. For 

kinetic plots, mobile phase viscosity was assumed to be constant through all flow rates.  
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5.4 Results and Discussion 

The column permeability governs the flow of mobile phase at a given pressure. It 

is desirable to have higher column permeability in order to use higher flow rates. The 

specific column permeability was calculated using the Darcy’s law,  

KV = (
ηL

∆P
𝑢)      ( 5-1 ) 

 
where KV is the specific column permeability (m2), η = mobile phase viscosity 

(Pa.s),  L = column length (m), ∆P = pressure drop across the column (Pa), and 𝑢 = 

superficial linear velocity (m/s) obtained by dividing the volumetric flow rate (m3/s) by the 

cross sectional area (m2) of the column. As expected, compared to the commercial CSP 

that uses 5 μm diameter FPPs, the specific column permeability of QML 2.7 μm SPP and 

QHS 2.7 μm SPP columns are 4 and 5 times lower, respectively (Table 5-1). However, 

the reduction in specific permeability for 2.7 μm SPPs is far less than a 10-fold reduction 

reported previously for a π-complex sub-2 μm CSP compared to its 5 μm FPP 

counterpart.63 With relatively high permeability compared to sub-2 μm FPPs, high-

efficiency of 2.7 μm SPP based columns can be achieved on typical HPLCs (~400-600 

bar limit) which are more ubiquitous in analytical labs. Substituting the linear velocity u0 

for superficial linear velocity u in equation 3-1 provides column permeability KV0 which is 

also provided in Table 5-1. A similar trend, described for specific column permeability KV, 

is observed for KV0.  

 
5.4.1 2.7 μm SPP vs. 5 μm FPP comparison 

Dichlorprop and 1,3-dinitrobenzene were used to compare the chiral and achiral 

efficiencies, respectively, of QML 2.7 μm SPP, QHS 2.7 μm SPP, and the commercial 5 

μm Chiralpak QNAX columns in UHPLC (Table 5-1). In both cases, 2.7 μm SPP columns 

show improvement of nearly 100,000 N/m over the QNAX column and reduced plate 
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heights of 2.0-2.1 for 1,3-dinitrobenzene. The shorter 2.7 μm SPP based columns provide 

higher efficiencies with a similar or better peak asymmetry values (Table 5-1), despite 

short columns being more difficult to pack.158 

 
5.4.1.1 Liquid Chromatography 

A comparison of analysis times (tR2
), enantiomeric selectivity (α), and resolutions 

(RS) for a range of acidic analytes separated on all quinine based columns in UHPLC is 

provided in Table 5-2. For simplicity, tR2
 is assumed as the analysis time. Since the 

purpose of this table is to compare the chromatographic performance of all columns, 

separations were performed using identical mobile phase conditions. According to Table 

5-2, QML 2.7 μm SPP provides resolution and selectivity values similar to QNAX in most 

cases with significantly reduced analysis time for the 2.7 μm SPP based column. Figure 

5-2B vs C shows the separation of dichlorprop on these two columns with the QML 2.7 

μm SPP exhibiting reduced analysis time with an improvement of 90,000 N/m, which is a 

3-fold increase. Comparing Figure 5-2A vs 2B where both columns show same efficiency 

(Table 5-1) and similar selectivity (Table 5-2), QML 2.7 μm SPP shows improved 

resolution due to a higher retention factor. As seen in Table 5-2, QML 2.7 μm SPP, 

attributed to its overall higher chiral selector surface coverage (Table 5-1), provides 

higher selectivity and resolution values compared to QHS 2.7 μm SPP in most cases. It is 

interesting that, even in cases where the selectivity of QHS 2.7 μm SPP and QML 2.7 μm 

SPP are similar, the hydrosilated variant provides significantly lower (74% on average) 

retention times (Table 5-2). When compared to the QNAX column, the QHS 2.7 μm SPP 

column is able to provide, on average, 93% lower retention times, with several 

separations demonstrating total analysis time shorter than the dead time on the 5 μm 

FPP column (Table 5-2). Figure 5-2A vs. B-C shows this phenomenon for dichlorprop. It 
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is clear that the high efficiencies of 2.7 μm SPPs is the driving force behind their 

improved performance as seen in Figure 5-2. The 2.7 μm SPPs used to prepare these 

columns have a core to particle diameter ratio (ρ) of 0.63 which is within the range to 

yield optimum performance.229 Note that the selectivity of quinine based columns can be 

heavily influenced by the mobile phase aqueous to organic ratio, pHa (apparent pH), and 

the buffer/counterion type and its concentrations.  

 

Table 5-2. UHPLC comparison of retention time (tR2
), selectivity (α), and resolution (RS) 

for acidic analytes on quinine hydrosilated SPP (QHS SPP), quinine mercapto-linker SPP 
(QML SPP), and the commercial Chiralpak QNAX (QNAX FPP) columns. See footnotes 

for details. 

  
 

QML 2.7 μm SPP 
(5 cm x 0.46 cm 

QHS 2.7 μm SPP 
(5 cm x 0.46 cm) 

QNAX 5 μm FPP 
(15 cm x 0.46 cm) 

  𝐭𝐑𝟐
C   𝐭𝐑𝟐

C   𝐭𝐑𝟐
C   

Analytes MPb min α RS min α RS min α RS 

Dichlorprop A 5.5 1.20 3.4 1.4 1.22 2.6 25.7 1.20 3.5 
FMOC-DL-ala A 8.9 1.47 6.7 1.4 1.64 4.1 37.5 1.56 7.7 

1,1’-binaphthyl-2-
diylhydrogenphosphate 

A 18.4 1.39 5.6 1.6 1.37 2.4 63.8 1.46 6.6 

Dansyl-α-N-butyric acid A 9.5 1.23 3.7 1.3 1.25 1.9 33.6 1.25 3.9 
Benzoyl-DL-valine A 5.3 2.23 13.4 1.5 2.38 7.2 23.2 2.41 14.4 

DNB-DL-phenylglycine C 8.0 4.18 19.4 3.1 6.85 13.8 29.6 5.58 20.9 
DNB-DL-leucine C 12.0 8.84 25.5 4.7 14.5 12.9 48.7 12.92 26.3 

Z-DL-phenylalanine C 1.8 1.15 1.3 1.0 1.30 2.0 8.4 1.20 2.0 
Acetyl-DL-valine A 2.3 1.56 6.8 1.1 1.46 2.9 7.9 1.59 3.8 
Dansyl-DL-serine A 9.2 1.29 4.5 2.0 1.40 3.3 39.7 1.32 4.8 

3-oxo-1-indan carboxylic acid B 4.4 1.08 1.5 - 1.0 - 16.6 1.10 1.8 
Phosphonic acida A 4.1 1.06 1.0 - 1.0 - 13.9 1.11 1.7 

a2-hydroxy-4-(2-methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaphosphorinane bMethod A = 
80/20 MeOH/100 mM NH4OAc (pHa 6.0), flow rate = 1.0 mL/min. Method B = 80/20 
MeOH/100 mM NH4OAc (pHa 6.0), flow rate = 0.8 mL/min. Method C = 80/20 MeOH/100 
mM NH4OAc (pHa 7.0), flow rate = 1.0 mL/min. CRetention of 2nd eluted peak in minutes. 
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Figure 5-2. A comparison of two 2.7 μm SPP based columns prepared in this study with 
commercial 5 μm FPP Chiralpak QNAX on UHPLC and SFC under typical 

chromatographic conditions. UHPLC separations (A-C) were performed using analyte 
dichlorprop with the mobile phase 80/20 MeOH/100 mM NH4OAc (pHa 6.0) at 1.0 mL/min 

flow rate. SFC separations (D-F) were performed using analyte dansyl-serine with the 
mobile phase 60% CO2 – 40% 100/0.4/0.35 MeOH/FA/HCOONH4 (v/v/w) at 4.0 mL/min. 
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Backpressure regulator was maintained at 80 bar and temperature was ambient. See 
Experimental section for details on N/m and RS.   

 

 
3.4.1.2 Sub/Supercritical Fluid Chromatography 

Table 5-3 shows retention parameters for several analytes separated on three 

quinine columns in SFC. QML 2.7 μm SPP showed similar selectivity compared to the 

QNAX column and comparable resolution values even though it was 3 times shorter. 

Interestingly, QHS showed equal or better selectivity compared to QML 2.7 μm SPP and 

QNAX in most cases while providing all separations under a minute. Despite that, due to 

low retention of analytes, and consequently larger contribution from extra-column 

dispersion, QHS 2.7 μm SPP showed slightly lower resolution values compared to QML 

2.7 μm SPP (Table 5-3). Figure 5-2D-F show separation of dansyl-serine. Both 2.7 μm 

SPP based columns, QHS SPP and QML SPP, show nearly 3 times the efficiency 

(60,000 N/m) compared to the commercial 5 μm FPP column QNAX (22,000 N/m). The 

2.7 μm SPP columns also showed 4-20 times faster analysis compared to the 5 μm FPP 

based column.  

Table 5-3. Subcritical fluid chromatography (SubFC) comparison of retention time (tR2
), 

selectivity (α), and resolution (RS) for acidic analytes on quinine hydrosilated SPP (QHS 
SPP), quinine mercapto-linker SPP (QML SPP), and the commercial Chiralpak QNAX 

(QNAX) FPP columns. See footnotes for details. 

 

QML 2.7 μm SPP 
(5 x 0.46 cm) 

QHS 2.7 μm SPP 
(5 x 0.46 cm) 

QNAX 5 μm FPP 
(15 x 0.46 cm) 

Analyte tR2
 α RS tR2

 α RS tR2
 α RS 

FMOC-alanine 1.0 1.5 4.5 0.4 1.7 2.9 5.0 1.5 5.3 

benzoyl-valine 0.9 2.3 9.2 0.4 2.8 6.0 3.2 2.3 14.8 

FMOC-leu 0.8 1.7 5.7 0.3 2.1 2.2 4.3 1.8 7.2 

Dichlorprop 1.0 1.1 1.9 0.4 1.3 1.6 3.9 1.2 2.4 

dansyl-serine 4.3 1.2 2.5 0.8 1.3 3.0 20.8 1.1 3.5 

Z-phenylalanine 0.9 1.2 1.8 0.3 1.3 1.7 3.3 1.1 1.7 

dansyl leucine 1.5 1.1 1.2 0.4 1.1 -a  8.5 1.1 1.3 

3-oxo-1-indan-carboxylic acid 0.6 1.1 1.4 - 1.0 - 2.4 1.2 2.1 
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Mobile phase: 60% CO2 - 40% 100/0.4/0.35 MeOH/FA/HCOONH4 (v/v/w), flow rate: 4.0 
mL/min. Backpressure regulator was maintained at 80 bar and the temperature was 
ambient. aResolution could not be determined  

 
5.4.2 Ultrafast Separations in HPLC and SFC 

The current acceptable time limit for a separation to be considered “ultrafast” is ≤ 

60 seconds.52,224 Figure 5-3 shows three UHPLC and 3 SFC ultrafast chiral separations 

performed on QHS 2.7 μm SPP columns with the longest separation at 12 seconds and 

the shortest being under 1 second. Figure 5-3A shows a 12 sec separation of benzoyl 

valine with a resolution of 4.7 on a 3 cm QHS 2.7 μm SPP column on an optimized 

UHPLC instrument at 4.5 mL/min. In order obtain even faster separations, a 0.5 x 0.46 

cm i.d. column was prepared (See Experimental), and DNB-leucine was separated within 

4 seconds (Figure 5-3B). To further reduce the extra-column volume, UHPLC instrument 

was modified (See Experimental) to separate DNB-phenylglycine in just under a second 

(Figure 5-3C). Further developments regarding sub-second separation, including peak 

fitting used to obtain the chromatogram, are described elsewhere.184 Figure 5-3D-F show 

ultrafast separations of FMOC-blocked amino acids performed in SFC operating at 20.0 

mL/min using a 3 x 0.46 cm i.d. column packed with QHS 2.7 μm SPP. These are only 

representative examples to showcase the capability of this 2.7 μm SPP CSP and most of 

the analytes from Table 5-2 can be optimized to separate under a minute using QHS 2.7 

μm SPP as well as QML 2.7 μm SPP.52 Note that all separations on QHS 2.7 μm SPP in 

SFC were under a minute (Table 5-3). See Experimental for the instrument optimizations. 
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Figure 5-3. Ultrafast separations of N-blocked amino acids performed with the 
hydrosilated quinine (QHS) column packed with 2.7 μm SPPs in UHPLC and SFC. A) 

benzoyl-valine on QHS SPP column (3 x 0.46 cm i.d.), mobile phase: 90/10 MeOH/100 
mM NH4OAc (pHa 7.0) at 4.5 mL/min flow rate. B) DNB-leucine on QHS SPP column (0.5 
x 0.46 cm i.d.), mobile phase: 100/0.5/1.8 MeOH/FA/TEA (v/v/v) at 5.0 mL/min flow rate. 
C) DNB-phenylglycine on QHS SPP column (0.5 x 0.46 cm i.d.) using a modified UHPLC 
(as described in the Experimental section), mobile phase: 70/30 ACN/20 mM NH4OAc at 
5.0 mL/min flow rate. SFC separations of D) FMOC-alanine, E) FMOC-leucine, and F) 

benzoyl-valine were performed using a QHS SPP column (3 x 0.46 cm i.d.), mobile 
phase: 75% CO2 – 25% 100/0.6/0.5 MeOH/FA/HCOONH4 (v/v/w) at 20.0 mL/min flow 
rate. Backpressure regulator was maintained at 78 bar and temperature was ambient. 

 

The combination of high selectivity selectors, high-efficiency columns, reduced 

retention of 2.7 μm SPPs, and instrumental optimizations allow such ultrafast 

separations.45,52,184 These columns can be of use for fast screening, provide increased 

productivity, and a fast 2nd dimension in 2D-LC that enables separation within seconds 

to avoid the wrap-around effect. With high selectivity for N-blocked amino acids, these 

CSPs can be of use in high-throughput analysis of biological samples where separation 

of amino acids is of critical interest.2,230 For the commercial 5 μm FPP QNAX column, the 
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manufacturer lists maximum flow rate of 2.0 mL/min and maximum backpressure of 180 

bar. In comparison, 2.7 μm SPP based columns prepared in this study showed no signs 

of instability or performance degradation at 5 mL/min flow rate with backpressures up to 

800 bar. 

 
5.4.3 LC-MS Compatible Methods 

For separation of chiral acids with MS detection, quinine based CSPs are 

attractive due to their high selectivity, and their operation in polar organic and reserved 

phase LC modes. The question is, can 2.7 μm SPP based columns alleviate issues 

pertaining to high counterion concentrations (20-100 mM) which are incompatible with 

certain MS sources such as ESI (Figure 5-4). Furthermore, the analysis time increases 

considerably with the use of low flow rates necessary for LC-MS methods. Figure 5-4 

shows the separation of dansyl-α-N-butyric acid performed at 1.0 mL/min on Chiralpak 

QNAX (15 x 0.46 cm i.d.) and QML 2.7 μm SPP (5 x 0.46 cm i.d.) using two different 

buffer concentrations in the mobile phase. One mobile phase contained 80% MeOH-20% 

100 mM NH4OAc aqueous buffer (20 mM overall), while the other mobile phase 

contained 80% MeOH-20% 10 mM NH4OAc aqueous buffer (2 mM overall). The pHa was 

kept at 6.0 for both mobile phases. In all cases, the shorter high-efficiency QML 2.7 μm 

SPP column is able to provide the same resolution as QNAX with the analysis being 

more than 3 times faster (Figure 5-4). With the use of a 10 mM buffer for QML 2.7 μm 

SPP (Figure 5-4A), the analysis is completed within 17 min, which is 2 times faster than 

analysis time of the 5 μm FPP based column with 100 mM buffer (Figure 5-4D). 

Moreover, observing the tailing factors and peak shapes in Figure 5-4, it is apparent that 

reducing the buffer concentration leads to slight fronting. Clearly, 2.7 μm SPP based 

column are the superior choice for developing LC-MS compatible methods that provides 
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faster analysis. Higher efficiency also leads to improved signal-to-noise (S/N) ratio which 

can help with quantitation as well as detection of trace level analytes. Researchers using 

other buffers such as ammonium formate for MS compatible methods can expect results 

similar to those shown in Figure 5-4. 

Figure 5-4. Effect of reduced buffer concentration in the mobile phase on column 
performance for better MS compatible methods. Dansyl-α-N-butyric acid was analyzed on 
the quinine mercapto linker SPP (QML 2.7 μm SPP) (A and C) and 5 μm FPP Chiralpak 

QNAX (B and D) at flow rate of 1.0 mL/min with two different buffer concentrations in 
mobile phase. Mobile phase for A and B: 80/20 MeOH/10 mM NH4OAc (pHa = 6.0). 

Mobile phase for C and D: 80/20 MeOH/100 mM NH4OAc (pHa = 6.0). See Experimental 
section for details on N/m, RS, and T. 
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5.4.4 van Deemter Plots 

Figure 5-5 shows van Deemter plots of reduced plate height (h) vs. linear velocity 

u0 (mm/s) generated on QNAX (blue square, ■), QHS 2.7 μm SPP (orange circle, ●), and 

QML 2.7 μm SPP (green triangle, ▲) columns in UHPLC using benzoyl-valine (Figure 

5-5A) and SFC using FMOC-alanine (Figure 5-5B). The 2.7 μm SPPs are expected to 

provide higher theoretical plates (N) or lower plate height (H) values compared to 5 μm 

FPPs due to their smaller particle size. However, since the reduced plate height h is 

independent of particle size, any improvement seen in Figure 5-5 for 2.7 μm SPP 

columns is solely due to improved packing homogeneity and performance of 2.7 μm 

SPPs. Also apparent is the lower hmin (h at the lowest point on the curve) and higher u0,opt 

(u0 at the lowest point on the curve) for 2.7 μm SPP columns. Columns packed with 2.7 

μm SPPs show an increase in efficiency advantage at higher flow rates, which is 

essential for ultrafast separations. Despite showing almost identical reduced plate heights 

for achiral and chiral probe analyte in Table 5-1, QHS 2.7 μm SPP does show slightly 

higher reduced plate height in Figure 5-5 compared to QML 2.7 μm SPP. A possible 

explanation for this behavior could be the increased contribution of extra-column band 

broadening at low retentions, typically observed on the QHS 2.7 μm SPP column.  
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Figure 5-5. The van Deemter plots showing reduced plate height (h) against linear 
velocity u0 (mm/s) for chiral analytes in SFC and UHPLC on quinine mercapto linker SPP 
(QML SPP, 5 x 0.46 cm i.d., 2.7 μm SPP, green triangle, ▲), quinine hydrosilated SPP 

(QHS SPP, 5 x 0.46 cm i.d., 2.7 μm SPP, orange circle, ●), and Chiralpak QNAX (QNAX, 
15 x 0.46 cm i.d., 5 μm FPP, blue square, ■). A) UHPLC van Deemter with analyte: 

benzoyl-valine, mobile phase: 90/10 MeOH/100 mM NH4OAc (pHa 7.5), 254 nm B) SFC 
van Deemter with analyte: FMOC-alanine (1st enantiomer), mobile phase: 60% CO2 – 

40% 100/0.6/0.5 MeOH/FA/HCOONH4 (v/v/w), 254 nm. Backpressure regulator 
maintained at 78 bar and temperature was ambient.  

 
5.4.5 Kinetic Plots 

The van Deemter plots (Figure 5-5) provide useful data such as minimum 

reduced plate height, optimum linear velocity, and a visual representation of contributions 
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from A, B, and C terms to band broadening. It however does not account for column 

permeability or backpressure generated, differences in particle morphology (e.g. FPPs 

vs. SPPs), or analysis time. A better and more fair comparison of these factors can be 

made with the use of kinetic plots (Figure 5-6). The idea of kinetic plots was explored 

decades ago by investigators such as Giddings, Knox, Poppe, and recently by Desmet 

and co-workers.231-234 Although there’s many different types of kinetic plots, the analysis 

time vs. N and column length vs. N plots chosen for this study have been considered the 

most useful for chromatography practitioners.233,234 These plots account for particle size, 

silica morphology, permeability, and column lengths. Comparing the columns using these 

geometry-independent plots can allow unbiased comparison of their intrinsic kinetic 

performance. Using experimentally determined specific column permeability and plate 

height vs. linear velocity data from the van Deemter plot, dead time and maximum 

theoretical plates can be calculated when columns are operated at maximum system 

pressure (ΔPmax) with equation 3-2 and 3-3.  

N = (
∆Pmax

η
) (

KS

u0H
)

𝑒𝑥𝑝
                                                           ( 5-2 ) 

 

t0 = (
∆Pmax

η
) (

KS

u0
2)

𝑒𝑥𝑝
                                                          ( 5-3 ) 

 

where ΔPmax = maximum possible system pressure (Pa), H = theoretical plate 

height (m), η = mobile phase viscosity (Pa.s), u0 = linear velocity (m/s), KV = specific 

column permeability, and the subscript exp denotes experimentally obtained data. 

Analysis time at ΔPmax was calculated by using 𝑡𝑅2
= 𝑡0(1 + 𝑘2) and the column length 

using L = N x Hexp. The literature viscosity value of 90/10 MeOH/H2O mixture235 is used 

as η (effect of buffer is assumed negligible), and it is used as a constant value through all 

flow rates.  
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Figure 5-6 shows the kinetic plots prepared using the above equations for QML 

2.7 μm SPP and 5 μm QNAX columns at ΔPmax of 1200 bar and 600 bar to compare their 

kinetic performance under UHPLC and HPLC system pressures, respectively. In each 

comparison, lower y-axis and higher x-axis values correlate to better performance. The 

QHS 2.7 μm SPP CSP was omitted from this comparison due to different bonding 

chemistry of the selector which led to drastically different retention times in comparison to 

the other two CSPs that use traditional bonding (Table 5-2). With ΔPmax of 600 bars, 

Figure 5-6A shows the QML 2.7 μm SPP column (blue circle, ●) being advantageous 

compared to QNAX column (yellow diamond, ♦) for up to 50 min analysis times and 

90,000 plates on HPLC systems. The 2.7 μm SPP based column generates greater 

number of maximum plates compared to 5 μm FPP based column for the same analysis 

time making it possible to achieve greater resolution of analytes under HPLC pressures. 

Similarly, for a desired number of plates, relatively lower analysis times can be achieved 

when using 2.7 μm SPP based column under HPLC pressures. Gasparrini and coworkers 

compared a sub-2 μm FPP pi-complex CSP with a 5 μm FPP CSP and concluded that 

the sub-2 μm FPP was in fact not advantageous at HPLC pressures.63 The performance 

improvement of 2.7 μm SPP columns are even more impressive when compared at 

ΔPmax of 1200 bar, a UHPLC system pressure. The QML 2.7 μm SPP column (green 

square, ■) far outperforms the QNAX column (red triangle, ▲) and remains 

advantageous till the last point on its curve at 507 min analysis time and 285,000 plates 

(See Figure 5-6A). For practical usage, typical analysis times are expected to be less 

than 1 hour, and thus 2.7 μm SPP based CSP provides greater performance than 5 μm 

FPP CSP in HPLC and UHPLC for most analyses. Kinetic plot numbers such as tR,1k 

(time needed to generate 1000 plates) have been suggested as a better metrics 

compared to hmin or u0,min for direct comparison of columns.233 To avoid adding uncertainty 
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from extrapolation, the tR,1k value has been omitted in favor of tR,10k and tR,25k, provided in 

Table 5-4. It is clear that, regardless of the ΔPmax, QML 2.7 μm SPP reaches the 10,000 

and 25,000 plates mark much faster than QNAX in each case proving that its 

performance far exceeds that of the 5 μm FPP based column. With use equation 3-4,7 

one can calculate plates (N) required to achieve a particular resolution (RS) value, and 

determine the necessary analyte retention to achieve the corresponding value based on 

Figure 5-6A.  

 RS =  
√N

4
(

α−1

α
) (

k2

1+k2
)                                                                 ( 5-4 ) 

 

Table 5-4. Kinetic plot values for QML SPP and QNAX columns. 

CSPs ΔPmax (bars) tR,10k (min)a tR,25k (min) L10k (m)b L25k (m) 

QNAX 5 μm FPP 1200 5.5 14 0.45 0.7 
QNAX 5 μm FPP 600 2.7 8.5 0.27 0.46 
QML 2.7 μm SPP 600 1.5 6.3 0.09 0.18 
QML 2.7 μm SPP 1200 1.2 4.2 0.11 0.21 

atR,10k = analysis time needed to generate 10,000 plates on each column 
bL10k = column length corresponding to 10,000 plates value 
 

Further, if an analysis needs to be completed within a certain timeframe for 

applications such as second dimension in 2D-LC or real-time monitoring of reactions, the 

corresponding plates generated on each column for the analysis time can be calculated 

and used to determine the expected resolution value from equation 3-4. Figure 5-6B 

provides column length L vs N plots which show the maximum number of plates 

generated for various column lengths at ΔPmax of 1200 and 600 bar. It is apparent that for 

each ΔPmax, 2.7 μm SPP based column generates significantly greater number of plates 

compared to 5 μm FPP based column for any given column length. Clearly, for any 

number of desired plates, a relatively shorter 2.7 μm SPP column could provide the 

needed performance resulting in a faster analysis (Figure 5-6B). Similar to tR,10k values, 

L10k (length of column necessary to generate 10,000 plates) and L25k values were also 



 

138 
 

calculated to find that 2.7 μm SPP columns can theoretically reach these plate numbers 

with much shorter column in comparison to QNAX regardless of the ΔPmax (Table 5-4). 

Using these kinetic plots, fine-tuned methods can be developed with desired resolution 

values and analysis times by choosing the correct particle morphology and column 

length. These results show that 2.7 μm SPPs provide a number of benefits in terms of 

speed and efficiency over a 5 μm FPP based column. 

Figure 5-6. Kinetic plots A) Analysis time or tR2 (min) vs. N. and B) column length L (m) 
vs. N for QML SPP (2.7 μm SPP) and QNAX (5 μm FPP) columns comparing the intrinsic 
performance of different particle size and morphology for benzoyl-valine. Mobile phase: 
90/10 MeOH/100 mM NH4OAc (pHa 7.5), 254 nm. Plots are generated at ΔPmax of 600 

bar (HPLC) for QML SPP (blue circle, ●) and QNAX (yellow diamond, ♦) as well as 1200 
bar for QML SPP (green square, ■) and QNAX (red triangle, ▲) columns. 
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5.5 Conclusion 

Two new high-selectivity quinine based chiral selectors were bonded to 2.7 μm 

SPPs to create high-efficiency CSPs that were extensively characterized and compared 

with the analogous commercial 5 μm FPP based column in UHPLC and SFC. 2.7 μm 

SPP based quinine CSPs have significantly higher efficiencies and provide remarkably 

faster analysis times than the traditional 5 μm FPP based columns. High selectivity, high-

efficiency, and low retentions on the QHS 2.7 μm SPP CSP were exploited to obtain 

several rapid separations that are on the order of a few seconds which can dramatically 

improve the productivity in routine analyses. 2.7 μm SPP based columns were also 

shown to provide rapid analysis even with reduced counterion concentrations which can 

enable fast LC-MS analysis with ESI compatible mobile phases. Improved efficiencies 

also result in better signal-to-noise ratios which can make it possible to achieve lower 

LOD and LOQ values for biological samples analyzing N-blocked amino acids. 2.7 μm 

SPPs have relatively higher column permeability than sub-2 μm particles making it 

possible to take advantage of their performance in HPLC as well as UHPLC. Geometry 

independent kinetic plots and van Deemter plots showed the improved performance of 

2.7 μm SPPs over traditional 5 μm FPPs in HPLC and UHPLC conditions. 
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Chapter 6  

Gone in Seconds: Praxis, Performance, and Peculiarities of Ultrafast Chiral Liquid 

Chromatography with Superficially Porous Particles 

6.1 Abstract 

A variety of brush-type chiral stationary phases (CSPs) were developed using 

superficially porous particles (SPPs). Given their high efficiencies and relatively low back 

pressures, columns containing these particles were particularly advantageous for 

ultrafast “chiral” separations in the 4–40 s range. Further, they were used in all mobile 

phase modes and with high flow rates and pressures to separate over 60 pairs of 

enantiomers. When operating under these conditions, both instrumentation and column 

packing must be modified or optimized so as not to limit separation performance and 

quality. Further, frictional heating results in axial thermal gradients of up to 16 °C and 

radial temperature gradients up to 8 °C, which can produce interesting secondary effects 

in enantiomeric separations. It is shown that the kinetic behavior of various CSPs can 

differ from one another as much as they differ from the well-studied C18 reversed phase 

media. Three additional interesting aspects of this work are (a) the first kinetic evidence 

of two different chiral recognition mechanisms, (b) a demonstration of increased 

efficiencies at higher flow rates for specific separations, and (c) the lowest reduced plate 

height yet reported for a CSP. 

 

6.2 Introduction 

For much of three decades, the development and study of chromatographic 

enantiomeric separations have been dominated by investigations focused on selectivity. 

This is not surprising given the unique position of chiral separations in chromatography 

where conventional strategies used for all other molecules are completely ineffective for 
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enantiomers. Hence, the highest impact studies involved conceiving, understanding, and 

optimizing the use of new and better chiral selectors.9-14,17,19,25,27,30,212,213,236-242 Numerous 

thermodynamic and mechanistic studies as well as evaluations of solvent and additive 

effects continue even today.243-246 

As the field of “chiral separations” has matured, it has focused on other, more 

typical chromatographic concerns including speed, efficiency, and kinetic effects. While 

“chiral separations” are ultimately affected by the same parameters as achiral 

separations, they can have some idiosyncrasies (vide infra) as compared to the most 

extensively studied systems which typically involve reversed phase liquid 

chromatography on C18 or analogous stationary phases. 

The demand for fast and efficient achiral separations provided the impetus for 

researchers to explore new avenues to increase throughput of chiral screening and 

analysis. Welch et al. first used multi-parallel chiral screening and method development 

systems that provided method development times of ∼1 h.216 The 8-channel microfluidic 

HPLC system utilized microbore (0.3 mm i.d.) columns packed with traditional 5 μm fully 

porous particles (FPPs) and provided chiral method development times of around 1 

hour.216,247 Hamman et al. used supercritical fluid chromatography (SFC) at high flow 

rates, short columns, and a gradient to obtain a 2.5 min screening method.22 Guillarme, 

et al. used sub-2 μm achiral columns with a chiral derivatizing agent to produce fast (2-5 

min) enantiomeric separations of amphetamine and β-blockers.44 Shortly after, Ai and co-

workers developed a bonded sub-1 μm mesoporous silica based cyclodextrin chiral 

column and published a few 1–6 min enantiomeric separations.59 Concurrently, 

Gasparrini et al. studied a bonded brush-type (pi-complex) phase using sub-2 μm fully 

porous particles (FPPs) and demonstrated a few normal phase enantiomeric separations 

in the 15–40 s range.63 
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More recently, superficially porous particles (SPPs) for achiral separations have 

allowed for column efficiencies comparable to sub-2 μm FPPs while using conventional 

HPLCs and column hardware.49 There have been numerous empirical and theoretical 

comparisons of these approaches when used in a reversed phase (C18) format.43,50,220,221 

SPPs are able to decrease all contributions to band broadening (i.e., longitudinal 

diffusion, eddy dispersion, and stationary phase mass transfer contributions).221 Initially it 

was thought that better packing of SPPs was due to their having narrower particle size 

distributions than FPPs, but it was later shown that better packing homogeneity across 

the column (i.e., from wall to center of the bed) is largely responsible for the decreased 

eddy dispersion contribution.58,144 Since, SPP columns are generally better packed than 

FPP columns, they can yield reduced plate heights of 1.3–1.5 for columns packed with 

conventional achiral stationary phases, whereas FPP based columns typically have 

reduced plate heights greater than 2.0.43 Also, the shell thickness of SPPs leads to a 

shorter trans-particle path length which can decrease mass transfer contributions to band 

broadening for large molecules with small diffusion coefficients and smaller molecules 

that have slow adsorption–desorption kinetics.49,51,53 This is particularly important at 

higher flow rates. 

The possible benefits of SPPs in other important but more specialized areas of 

LC are less explored. Chankvetadze compared a polysaccharide based chiral selector 

coated on FPPs and SPPs in both nano-LC and HPLC.65,66 In the latter, an obvious 

decrease in enantiomeric selectivity was noted for the SPP based material. Gritti and 

Guiochon’s theoretical treatment of the same polysaccharide based chiral selector 

indicated that a 10% gain in resolution (Rs) could be possible due to the decreased plate 

heights afforded by the SPPs.229 However, this estimated value was based on an 

assumption that the SPP based polysaccharide column would have a similar 
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enantiomeric selectivity value as the analogous FPP based column which, as noted, has 

not been obtainable to date. Most recently, Spudeit et al. presented the first successful 

and practical SPP CSP.53 This work showed that brush-type chiral selectors (i.e., 

isopropylcarbamated cyclofructan 6) have a higher chiral selector load (per surface area). 

This plus the observed increase in column efficiency for the SPP based CSP resulted in 

improved enantiomeric separations, while maintaining the same enantiomeric selectivity 

as FPP based CSPs.53 Further, the SPP CSP maintained this performance with 50–75% 

lower retentions. When comparing constant retention modes, the Rs values obtained 

using the SPP column were far greater than the FPP columns. It was also noted that as 

flow rates increased (e.g., to 3 mL/min), the resolution per analysis time greatly improved 

for the SPP column (by 18–67%) meaning that high-throughput screening would benefit 

from such columns.53 

In this work, a broad range of analyte types and polarities including 

pharmaceuticals, catalysts, peptides, amino acids, primary amines, and biaryls among 

others were baseline separated on a variety of SPP brush type CSPs that are very 

effective for ultrafast chiral separations (∼4–40 s range). It is demonstrated that they can 

be performed in any mobile phase conditions or mode, i.e., reversed phase, normal 

phase, polar organic, and HILIC. Finally, the practice of ultrafast chiral LC often produces 

interesting and unusual consequences that must be recognized, dealt with, and/or 

properly understood for optimal performance. 

 

6.3 Experimental 

6.3.1 Materials 

All HPLC solvents and reagents for reactions were purchased from Sigma-

Aldrich (St. Louis, MO). Cyclofructan-6 (CF6) and cylcofructan-7 (CF7) derivatized with 
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isopropyl carbamate and dimethylphenyl carbamate groups, respectively, were 

synthesized by AZYP LLC (Arlington, TX). The 2.7 μm superficially porous silica particles 

with a surface area of 120 m2/g and pore size of 120 Å were provided by Agilent 

Technologies (Wilmington, DE). The core is 1.7 μm in diameter and the surrounding shell 

thickness is 0.5 μm. The fully porous 2.1 and 3 μm silica particles were purchased from 

Daiso (Tokyo, Japan) and Glantreo (Cork, Ireland), respectively. The 2.1 μm fully porous 

particles have a surface area of 479 m2/g and pore size of 91 Å, whereas the 3 μm fully 

porous particles have a surface area of 300 m2/g and pore size of 100 Å. Tröger’s bases 

were obtained as indicated in the literature.248  

 

6.3.2 Synthesis of Stationary Phases 

All reactions were carried out in anhydrous solvents under a dry argon 

atmosphere. The synthetic procedures for the six stationary phases employed in this 

work have already been published.9,10,239,240,249 The first chiral stationary phases explored 

were cyclofructan based as they have recently proven to be unique chiral 

selectors.9,29,98,99,250-252 The cyclofructan-6 derivatized isopropyl carbamate (CF6-P) and 

cyclofructan-7 dimethylphenyl carbamate (CF7-DMP) were bonded to silica particles 

under anhydrous conditions as described previously.9 The 2-hydroxypropyl-β-cyclodextrin 

bonded silica (CD-HP) was synthesized via a proprietary bonding procedure.239,249 

Macrocyclic antibiotics vancomycin, teicoplanin, and teicoplanin aglycone were covalently 

attached to silica surface as described by Armstrong et al.10,240 Each of the above chiral 

selectors were bonded to 2.7 μm SPPs. The 2.1 and 3 μm fully porous particles were 

functionalized with CF6-P. The CHN analyses of the phases and chiral selector coverage 

per surface are provided in Table 6-1 below. 
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Table 6-1. Elemental analysis and the surface coverage for the SPP based chiral 
stationary phases. 

Stationary phase %C %N Surface coverage 
µmol/m2 

Selector 
loading % 

CF6-P 6.2 0.88 0.88 13.1 

CF7-DMP 3.05 0.21 0.11 5.0 

teicoplanin 4.73 0.57 0.34 8.8 

vancomycin 5.32 0.94 0.48 10.0 

hydroxypropyl-β 
cyclodextrin 

4.17 Not 
detected 

0.50 8.5 

teicoplanin aglyconea 8.34 1.74 N/A N/A 
aThe details required to calculate surface coverage values for this stationary phase are 

unavailable. 

Each stationary phase was slurry packed with a pneumatically driven Haskel 

pump (DSTV-122) into 10 cm × 0.46 cm i.d., 5 cm × 0.46 cm i.d., and 3 cm × 0.46 cm i.d. 

stainless steel columns (IDEX Health and Science, Oak Harbor, WA). See the next sub-

section for the packing method. Commercial LARIHC CF6-P, LARIHC CF7-DMP, 

Chirobiotic V, Chirobiotic T, Chirobiotic TAG, and Cyclobond I 2000 HP-RSP columns 

(fully porous 5 μm particles, 25 cm × 0.46 cm i.d.) which were used for comparative 

purposes were provided by AZYP LLC, Astec, and Supelco/Sigma-Aldrich. 

 

6.3.3 Column Packing 

Each stationary phase was slurry packed with a pneumatically driven Haskel 

pump (DSTV-122) into 10 x 0.46, 5 x 0.46 and 3 x 0.46 cm i.d. stainless steel columns 

(IDEX Health and Science, Oak Harbor, WA). The slurry optimization procedures, such 

as reduction of shear thickening, optical microscopy, and settling vial tests were 

conducted for several organic solvents before packing.57 A 2 μm frit cap (IDEX) was used 

to cap the column ends quickly after the packing procedure. The column specific 

permeability (Ks) was determined by plotting the pressure drop against the linear mobile 

phase velocity (discussed later).  
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6.3.4 Instrumentation 

All ultrafast separations were performed on an Agilent 1290 Infinity series 

UHPLC system (Agilent Technologies, Santa Clara, CA) equipped with a quaternary 

pump, an auto-sampler, and a diode array detector. Routine separations were performed 

on an Agilent 1260 HPLC equipped with a quaternary pump, an auto-sampler, and a 

diode array detector. An inlet filter was installed between the pump outlet and the auto-

sampler injection valve to prevent clogging of 75 μm tubings. For fast separations, the 

data collection rate was set at 160 Hz with a response time of 0.016 s, unless otherwise 

stated. The thermostated column compartment and the column switching 6-port valve 

were bypassed to minimize the length of connection tubings. The instrument was further 

optimized to reduce extra-column effects by using an ultralow dispersion kit from Agilent 

(P/N 5067-5189). The kit consists of an ultralow dispersion needle and needle seat, two 

75 μm i.d. stainless steel connection tubings, and a detector flow cell with a volume 

standard deviation V(σ) of 0.6 μL. Alternatively, 75 μm i.d. polyether ether ketone (PEEK) 

nanoViper connection tubings (Thermo Fisher Scientific, MA) were also employed. The 

instrument was controlled by OpenLAB CDS ChemStation software (Rev. C.01.06 [61], 

Agilent Technologies 2001–2014) in Microsoft Windows 8.1. The reported percentages of 

mobile phases (m.p.) are listed as volume/volume (v/v). 

 

6.3.5 Chromatography Peak Parameters 

The reported theoretical plates (N, by half height method), peak asymmetry 

factors (USP tailing factor 𝑇 =  
𝑊0.05

2𝑓
; where 𝑊0.05 = peak width at 5% peak height, f = 

distance from the leading edge of the peak to the peak maximum at 5% peak height), 

peak variance σ2 (by tangent method), and retention times (tR) were obtained from 
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OpenLAB CDS ChemStation software. Resolutions (𝑅𝑆  =
2.35 (𝑡𝑅2  – 𝑡𝑅1)

2 (𝑊0.5,1+𝑊0.5,2)
) were calculated 

using the half-height method. To assess the extra-column contribution to the observed 

plate heights, the column was removed and the tubings were connected by a zero dead 

volume union. See later section for calculations.  

 

6.3.6 Axial Temperature Gradient in Mobile Viscous Frictional Heating 

The effect of viscous frictional heating of the mobile phases in the SPP columns 

was studied by wrapping the column in an insulating sheet (at room temperature) and 

inserting a Mastech thermocouple MS8222H (Pittsburgh, PA) inside the column outlet 

with the help of a screw cap. The flow rate was varied and the resulting temperature was 

monitored after 10 min of equilibration. 

 

6.4 Results and Discussion 

Figure 6-1A provides comparisons of different particle size fully porous particles 

(FPPs) and superficially porous particles (SPPs) which have the same bonded chiral 

selector (via the same chemistry) and with the same mobile phase. These 

chromatograms were generated using conventional HPLCs with conventional conditions 

and column sizes (i.e., 1.0 mL/min flow rate and 5 cm × 0.46 cm i.d. columns). Clearly 

using the same mobile phase, the SPP-based CSP provided both the greatest efficiency 

and shortest analysis time as compared to all FPPs, including the 2.1 μm particles 

(Figure 6-1A). However, according to Gritti and Guiochon, a better comparison of such 

columns is realized when resolutions (RS) are compared at constant retention (Figure 

6-1B).229  They also indicated that a SPP’s core to particle diameter ratio (ρ) can be 

related to its gain in resolution. Specifically ρ values between 0.5 and 0.95 at constant 

retention factor (k) can slightly improve the resolution. Interestingly, recent work on a 
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brush-type CSP showed a resolution increase of 20%.53 In Figure 6-1B, the increase in 

resolution of the SPP-CSP over both 3 and 2.1 μm FPPs is ∼30%, which is quite 

impressive. The SPP-CSP used here had a ρ value of 0.63 (see Experimental Section), 

which is within the optimal range (vide supra).229 A direct comparison of the efficiencies, 

reduced plate heights, and tailing factors of current commercial columns (5 μm particles) 

and the analogous CSPs on 2.7 μm SPPs is given in Table 6-2. The 3–4-fold increase in 

efficiencies is impressive but not totally unexpected given the smaller SPP particle 

diameter. However, the reduced plate heights of the SPPs also are up to 2 times smaller 

and with comparable or better peak symmetries. The reduced plate height (h) of 1.6 for 

the CF7-DMP SPP is the smallest reported for any CSP on any particle to date. Given 

these results, it is clear that SPP based CSPs should be particularly advantageous for 

ultrafast chiral separations. 

Table 6-2. Comparison of theoretical plates/meter (N/m), reduced plate height (h), and 
USP tailing factor using a standard achiral probe 1,3-dinitrobenzene with 70:30 heptane: 
ethanol at reduced velocity of 4.5 (1 mL/min for 2.7 µm SPP, 0.6 mL/min for 5 µm FPP).   

Stationary phase N/ma h Tailing factorb 

Stationary phases bonded to 2.7 µm SPP 

     CF6-Pc  172,000 2.2 1.1 

     CF7-DMPd 221,000 1.6 1.2 

     teicoplanind  165,000 2.3 1.0 

     teicoplanin aglyconeC 133,000 2.8 1.3 

     vancomycinC 173,000 2.1 0.9 

     hydroxypropyl-β-cyclodextrind 181,000 2.0 1.3 

 Commercial columns packed with 5.0 µm FPP (25 x 0.46 cm) 

     LARIHC CF6-P 70,000 2.9 1.1 

     LARIHC CF7-DMP 59,000 3.4 1.2 

     Chirobiotic-T 54,000 3.7 0.9 

     Chirobiotic-TAG 50,000 4.0 1.1 

     Chirobiotic-V 57,000 3.5 0.9 

     Cyclobond I 2000 HP-RSP 37,000 5.4 1.1 

aN/m calculated by half height method. 
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bUSP tailing factor 𝑇 =  
𝑊0.05

2𝑓
. (Where 𝑊0.05 = peak width at 5% peak height, f = distance 

from the leading edge of the peak to the peak maximum at 5% peak height.  

cdimensions of these columns were 10 x 0.46 cm. 

ddimensions of these columns were 5 x 0.46 cm. 

 

Figure 6-1. Enantiomeric separations of BINAM on CF6-P bonded to SPPs and FPPs at 
1.0 mL/min, Tcol = 25 °C. All columns were 5 cm × 0.46 cm in dimensions. (A) Constant 

MP mode, MP = 92:8 heptane−ethanol. (B) Constant retention mode, MP = (i) 82:18 
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heptane−ethanol, (ii) 85:15 heptane−ethanol, (iii) 82:18 heptane−ethanol, and (iv) 92:8 
heptane−ethanol. 

 
In the literature, the current accepted time limit for being labeled as an ultrafast 

chromatographic separation seems to be ∼1 min.224,253 This is probably a reasonable 

choice since typical HPLC autoinjectors cycle at ∼1 injection per min (or down to 0.5 min 

for UHPLC). Hence in ultrafast LC, the chromatographic separations can be completed 

more quickly than new samples can be injected (by conventional injection devices). 

Figure 6-2 and Table 6-3 show over 60 such baseline enantiomeric separations. The 

table covers a wide structural variety of enantiomers. Most separations are <40 s and 

almost a quarter of those are on the order of 10 or fewer seconds. Furthermore, these 

are accomplished in all mobile phase modes, i.e., normal phase, reversed phase, and 

polar organic modes and on a variety of bonded CSPs. Theoretically, we could screen 

∼90 to 360 chiral analytes per hour which could use less solvent than any other current 

method. However, this is restricted to ∼60 to, at most, 120 samples/hour because of 

instrumental autoinjector limitations. Certainly, this is not the first nor the only example of 

chromatographic potential being limited by instrumental deficiencies.224,254 Indeed, as 

discussed in the following paragraphs, the separations shown in Figure 6-2 and listed in 

Table 6-3 cannot be achieved under standard HPLC conditions used for Figure 6-1. 

 

Table 6-3. Chromatographic data for optimized ultrafast chiral separations on six different 
chiral stationary phases (CSPs) bonded to 2.7 µm superficially porous silica.1 

# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

1 Alanine 
 

T 

TAG 

25 water:75 
MeOH; 3.1 mL/min 

70 water:30 
MeOH; 2.5 mL/min 

12 

10 

18 

13 

3.2 

2.2 

2 Phenylalanine 
 

T 

TAG 

25 water:75 
MeOH; 2.5 mL/min 

15 

15 

21 

22 

2.2 

2.1 
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# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

40 water:60 
MeOH; 2.5 mL/min 

3 
4-

Chlorophenylalanine  
TAG 

40 water:60 
MeOH; 2.5 mL/min 

17 26 1.9 

4 Threonine 
 

T 

TAG 

10 water:90 
MeOH; 2.9 mL/min 

25 water:75 
MeOH; 2.5 mL/min 

13 

11 

17 

15 

1.6 

2.6 

5 Methionine 
 

T 

TAG 

90 water:10 
MeOH; 3.7 mL/min 

90 water:10 
MeOH; 3.3 mL/min 

8 

9 

9 

12 

1.5 

2.3 

6 Valine 
 

T 

TAG 

25 water:75 
MeOH; 2.5 mL/min 

90 water:10 
MeOH; 2.2 mL/min 

10 

11 

15 

14 

2.6 

1.6 

7 Norvaline 
 

T 

TAG 

80 water:20 
MeOH; 3.0 mL/min 

80 water:20 
MeOH; 3.0 mL/min 

8 

8 

10 

13 

1.5 

2.1 

8 Leucine 
 

T 

TAG 

10 water:90 
MeOH; 2.9 mL/min 

90 water:10EtOH; 
3.0 mL/min 

13 

9 

23 

12 

3.2 

1.9 

9 Isoleucine 
 

T 

TAG 

60 water:40 
MeOH; 2.5 mL/min 

90 water:10 
MeOH; 2.5 mL/min 

11 

11 

14 

14 

1.7 

1.6 

10 Norleucine 
 

T 

TAG 

60 water:40 
MeOH; 2.5 mL/min 

60 water:40 
MeOH; 2.5 mL/min 

11 

13 

15 

17 

2.3 

1.7 

11 Tyrosine 
 

T 

TAG 

25 water:75 
MeOH; 2.5 mL/min 

60 water:40 
MeOH; 2.5 mL/min 

14 

13 

18 

18 

2.0 

1.7 

12 m-Tyrosine 
 

T 

TAG 

90 water:10EtOH; 
3.7 mL/min 

99 water:1 MeOH; 
3.7 mL/min 

9 

10 

12 

31 

1.9 

2.5 
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# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

13 o-Tyrosine 
 

TAG 
15 water:85 

MeOH; 3.0 mL/min 
16 23 1.6 

14 Homophenylalanine 
 

T 

TAG 

90 water:10 
MeOH; 3.5 mL/min 

60 water:40 
MeOH; 2.2 mL/min 

12 

17 

18 

39 

2.7 

3.1 

15 Homoserine 
 

TAG 
50 water:50 

MeOH; 2.5 mL/min 
10 13 1.5 

16 Proline 
 

T 

TAG 

90 water:10 
MeOH; 3.7 mL/min 

90 water:10 
MeOH; 3.0 mL/min 

8 

10 

13 

17 

3.6 

2.5 

17 2-Phenylglycine 
 

T 

TAG 

90 water:10 
MeOH; 3.5 mL/min 

30 water:70 
MeOH; 2.7 mL/min 

9 

7 

15 

14 

3.3 

3.7 

18 6-methyl-Tryptophan 
 

T 
25 water:75 

MeOH; 2.5 mL/min 
17 23 1.9 

19 3-(1-Napthyl)alanine 
 

T 
25 water:75 

MeOH; 2.5 mL/min 
19 26 1.8 

20 
3,5-DNB-Tryptophan 

methyl ester 
 

CF7-
DMP 

70:30:0.1 
heptane:EtOH:TFA

, 

3.0 mL/min 

38 44 1.9 

21 BINAM 

 

CF7-
DMP 

90:10:0.1 
heptane:EtOH, 4.8 

mL/min 
10 12 1.9 

22 NOBIN 

 

CF7-
DMP 

98:2:0.1 
heptane:EtOH, 

4.5 mL/min 

17 22 2.5 

23 Vanol 
 

CF6-
LP3 

98.5:1.5 
heptane:EtOH, 3.5 

mL/min 
29 33 1.7 

24 
2-Amino-1,2-

diphenylethanol 
 

CF6-
LP4 

70:30:0.3:0.2 
ACN:MeOH:TFA:T

EA, 4.0 mL/min 
18 20 1.8 

25 
2-Amino-1-(4-

nitrophenyl)-1,3-
propanediol  

CF6-
LP4 

80:20:0.3:0.2 
ACN:MeOH:TFA:T

EA, 4.0 mL/min 
28 30 1.6 
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# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

26 
2,4-Dichloro-α-
phenethylamine 

 

CF6-
LP3 

90:10:0.3:0.2 
ACN:MeOH:TFA:T

EA,  

5.0 mL/min 

12 14 1.8 

27 
2-Chloro-indan-1-

ylamine 
hydrochloride  

CF6-
LP3 

90:10:0.3:0.2 
ACN:MeOH:TFA:T

EA,  

4.5 mL/min 

12 14 1.6 

28 
1(1-

naphthyl)ethylamine 
 

CF6-
LP4 

80:20:0.3:0.2 
ACN:MeOH:TFA:T

EA, 4.5 mL/min 
23 25 1.9 

29 

(1S.2S/1R,2R) 

trans-1-Amino-2-
indanol  

CF6-
LP3 

92:8:0.3:0.2 
ACN:MeOH:TFA:T

EA, 

5.0 mL/min 

20 26 1.8 

30 α-Ethylbenzylamine 
 

CF6-
LP4 

80:20:0.3:0.2 
ACN:MeOH:TFA:T

EA, 4.0 mL/min 
30 32 1.6 

31 
1-biphenyl-4-yl-

ethylamine  

CF6-
LP4 

80:20:0.3:0.2 
ACN:MeOH:TFA:T

EA, 3.0 mL/min 
38 40 1.5 

32 
Norphenylephrine 

hydrochloride 
 

CF6-
LP4 

75:25:0.3:0.2 
ACN:MeOH:TFA:T

EA,  

3.7 mL/min 

36 39 1.5 

33 
Normetanephrine 

hydrochloride 
 

CF6-
LP4 

75:25:0.3:0.2 
ACN:MeOH:TFA:T

EA,  

3.6 mL/min 

34 37 1.5 

34 
2-Amino-1-(4-

nitrophenyl)-1,3-
propanediol  

CF6-
LP4 

80:20:0.3:0.2 
ACN:MeOH:TFA:T

EA, 4.0 mL/min 
28 30 1.6 

35 Tryptophanol 
 

CF6-
LP4 

80:20:0.3:0.2 
ACN:MeOH:TFA:T

EA, 4.0 mL/min 
27 30 1.5 

36 DL-Ala-DL-Ala5 
 

T 
40:60 

water:MeOH, 3.3 
mL/min 

18 26 2.5 

37 DL-Leu-DL-Ala5 
 

T 
40:60 

water:MeOH, 3.0 
mL/min 

20 25 2.4 
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# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

38 DL-Leu-DL-Leu5 
 

T 
40:60 

water:MeOH, 3.3 
mL/min 

18 27 2.5 

39 Gly-DL-Ala 
 

T 
40:60 

water:MeOH, 3.3 
mL/min 

20 49 5.8 

40 Gly-DL-Met 
 

T 
40:60 

water:MeOH, 3.3 
mL/min 

19 55 6.4 

41 Gly-DL-Phe 
 

T 
40:60 

water:MeOH, 3.3 
mL/min 

21 49 5.0 

42 
5-Methyl-5-

phenylhydantoin 
 

T6 

TAG6 

V 

MeOH, 4.7 mL/min 

MeOH, 4.7 mL/min 

90:10 1% TEAA 
pH 7:ACN, 3.0 

mL/min 

5 

5 

15 

5 

6 

17 

1.5 

2.4 

1.7 

43 Jacobsen’s catalyst 

 

CD-
HP3,6 

97:3:0.3:0.2 
ACN:MeOH:TFA:T

EA, 

4.75 mL/min 

8 9 1.8 

44 3-Phenylphthalide 

 

T 

50:50 1% TEAA 
pH 4.1:MeOH, 

2.6 mL/min 

15 20 1.9 

45 Propanolol 

 

T 

70:30:0.3:0.2 
ACN:MeOH:AA:TE

A,  

4.0 mL/min 

29 33 1.6 

46 Sotalol 

 

T3 

60:40:0.3:0.2 
ACN:MeOH:AA:TE

A,  

4.0 mL/min 

20 22 1.5 

47 Alprenolol 

 

T3 

65:35:0.3:0.2 
ACN:MeOH:AA:TE

A,  

4.0 mL/min 

21 24 1.5 

48 Mandelic Acid 
 

T 

50:50 1% TEAA 
pH 4.1:MeOH, 

2.4 mL/min 

6 8 1.9 
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# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

49 Thalidomide 
 

V6 
MeOH, 4.95 

mL/min 
5 6 2.7 

50 Nicardipine 

 

V 

100:0.1 mM 
MeOH:NH4TFA, 

1.0 mL/min 

29 34 1.7 

51 Proglumide 

 

V 

80:20 1% TEAA 
pH 4.1:ACN, 

4.0 mL/min 

15 18 1.5 

52 Coumachlor 

 

V 

80:20 1% TEAA 
pH 4.1:ACN, 

4.5 mL/min 

30 38 1.7 

53 Warfarin 

 

V 

85:15 1% TEAA 
pH 4.1:ACN, 

4.0 mL/min 

29 36 1.5 

54 Nefopam 

 

CD-
HP3 

65:35 20 mM 
NH4OAc:ACN, 

2.5 mL/min 

35 40 2.1 

55 Lactofen 
 

CF7-
DMP3 

98:2:0.1 
heptane:IPA:TFA, 

2.0 mL/min 
31 34 1.8 

56 Mianserin 

 

V 

100:0.15:0.05 
MeOH:AA:TEA,  

4.0 mL/min 

15 19 1.7 

57 Methadone 

 

CD-
HP3 

78:22 0.1% 
AA:ACN,3.7 

mL/min 
26 30 1.6 

58 Trӧger’s base 
 

CF7-
DMP3 

70:30 
heptane:EtOH, 2.5 

mL/min 
18 20 1.8 

59 
Ethano-bridged 
Trӧger’s base 1 

 

CD-
HP3 

57:43 20 mM 
NH4OAc pH 
4.1:EtOH, 

1.3 mL/min 

31 38 1.6 
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# Analyte Structure CSP2 
mobile phase; flow 

rate 

tR1
 

sec 

tR2
 

sec 
RS

1 

60 
Ethano-bridged 
Trӧger’s base 2 

 

CD-
HP3 

55:45 20 mM 
NH4OAc pH 

4.1:ACN, 

2.0 mL/min 

24 28 1.6 

1All separations were performed on an Agilent 1290 UHPLC instrument optimized for low 
extra column volume. See Experimental Section for more information on RS. Column 
dimensions for all separations were 3 x 0.46 cm and column temperature was ambient (~ 
22 °C), unless otherwise stated.  

2T = teicoplanin, TAG = teicoplanin aglycone, CF7-DMP = Cyclofructan-7 dimethylphenyl 
carbamate, CF6-P = Cyclofructan-6 isopropyl carbamate, V = vancomycin, CD-HP = 
hydroxypropyl-β-cyclodextrin. 

3dimensions of column = 5 x 0.46 cm 

4dimensions of column = 10 x 0.46 cm 

5Data for the first eluted pair of enantiomers 

6Tcol = 60 °C 
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Figure 6-2. Representative ultrafast enantiomeric separations on each of 6 chiral 
stationary phases: (A) vancomycin SPP (3 cm × 0.46 cm), MP = methanol, 4.95 mL/min, 

Tcol = 60 °C; (B) teicoplanin aglycone SPP (3 cm × 0.46 cm), MP = methanol, 4.70 
mL/min, Tcol = 60 °C; (C) hydroxylpropyl-β-cyclodextrin SPP (5 cm × 0.46 cm), MP = 

97:3:0.3:0.2 acetonitrile–methanol–TFA–TEA, 4.75 mL/min, Tcol = 60 °C; (D) teicoplanin 
SPP (3 cm × 0.46 cm), MP = 40:60 water–methanol, 3.00 mL/min, Tcol = 22 °C; (E) CF7-
DMP SPP (3 cm × 0.46 cm), MP = 90:10 heptane–ethanol, 4.80 mL/min, Tcol = 22 °C; (F) 

CF6-P SPP (10 cm × 0.46 cm), MP = 70:30:0.3:0.2 acetonitrile–methanol–TFA–TEA, 
4.50 mL/min, Tcol = 22 °C. 
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6.4.1 Effect of Packing on Columns Used for Ultrafast Chiral LC 

One of the useful tests for assessing the quality of packed beds is to calculate 

the specific permeability of the chromatographic column using the Darcy's law for 

pressure drop across a porous medium. Accomplishing ultrafast separations in HPLC 

generally requires higher flow rates, higher pressures, and shorter columns. 

Consequently, both the column packing quality and permeability are important. A detailed 

analysis of column quality parameters is presented in the classic work by Bristow and 

John H. Knox.146 According to Darcy’s law: 

Δ𝑃 =  
𝑢𝜂𝐿

𝐾𝑠
      ( 6-1 ) 

where ∆P is the pressure drop across the column (Pa) , u is the superficial linear 

velocity (m/s) calculated by dividing the volumetric flow rate (m3/s) by the cross sectional 

area of the cylindrical column (m2), η is the viscosity of the mobile phase (Pa.s), L is the 

length of the column (m), and 𝐾𝑠 is the specific permeability (m2). From the slope of 

pressure drop vs. linear velocity, the specific permeability of the packed bed can be 

obtained (Figure 6-3). To accomplish ultrafast separations, enantiomeric selectivity must 

be sufficient and column efficiencies must be as high as possible. The quality of the 

column packing affects all these parameters except enantiomeric selectivity. It is well 

known that unique packing procedures are often needed for different stationary phases 

as well as for the same stationary phase packed into columns of different dimensions.55 

For commercial columns, these procedures are usually treated as trade secrets. In a 

recent academic study on packing of SPPs, Jorgenson, et al. indicated that the best 

packed capillary column used a slurry of agglomerated particles.56 For the SPP-CSPs in 

this study, the opposite was found. Figure 6-4 shows the difference in performance of two 

identically packed columns where the only difference was in the slurry medium. The “well 
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dispersed” slurry (Figure 6-4B) produced a column with > 2.3x higher efficiencies and 

with more symmetrical peaks. The permeability of the column from the agglomerated 

suspension and the dispersed suspension were 4.64 x 10-15 m2 and 4.33 x 10-15 m2, 

respectively. As expected, both permeabilities are significantly greater (~ 63% to ~ 67%) 

than values reported for 1.7 µm FPP-CSP.63  

 

 

Figure 6-3. Comparison of specific permeability of commercial CF7-DMP column (5 µm 
FPP, 25 cm x 0.46 cm i.d.) vs. SPP CF7-DMP (2.7 µm SPP, 5 cm x 0.46 cm i.d.). Mobile 

phase: 70% Heptane-30% Ethanol. 
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Figure 6-4. Comparison of the efficiency of 2.7 μm CF7-DMP SPPs packed using 

different slurry solvents. Conditions: 5% (w/v) slurry packed in 5 x 0.46 cm columns using 
constant pressure mode; pushing solvent: methanol. Both columns were packed at the 

same pressure and conditioned equally. Probe: 1,3-dinitrobenzene, m.p. = 70:30 
heptane:ethanol, 1.0 mL/min, 230 nm. Top (A) shows the appearance of agglomerated 
suspension and (B) shows a dispersed suspension under an optical microscope at 500x 

magnification. 

 
6.4.2 Detector Sampling Rates and Response Times 

The detector sampling rate (also known as sampling frequency, data acquisition 

frequency or rate, etc.) and the detector response time become increasingly important for 

rapidly eluting analytes and highly efficient separations as demonstrated with SPPs. 

Under certain circumstances, peak shapes, peak width, and baseline noise can vary 

considerably as a result of detector settings. There is some debate as to the exact cause 

and nature of these effects.255 We will address this debate in a subsequent 

communication but will only present the empirical results, as it impacts enantiomeric 

separations herein. Figure 6-5 shows the effect of detector sampling rate and response 

time (for an Agilent 1290 UHPLC) on the efficiency (N), resolution (RS), and baseline 

noise for six ultrafast enantiomeric separations performed under otherwise identical 
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conditions. Note that with Agilent ChemStation software, the detector sampling rate and 

response times are coupled and the operator cannot independently change or “unpair” 

these two parameters. The observed effects are the combined result of these two 

parameters. At the lowest sampling rate and longest response time (bottom curve, Figure 

6-5), the separation is not discernible, the apparent efficiency and resolution is poor, but 

there is little baseline noise. The separation parameters improve tremendously as the 

sampling rate increases and the coupled time constant decreases up to about the 80 Hz 

curve. Concurrently the noise level increases (see 80× zoom in Figure 6-5). The default 

setting on this instrument is 2.5 Hz. It should be noted that with other instruments (Dionex 

and Shimadzu, for example) the operator can independently set these detector settings 

which could relate in an array of unwanted or suboptimal combinations. It is apparent that 

to maintain high efficiency and good resolution when doing ultrafast separations that 

detector coupled sampling rates should be ≥40 Hz and response time ≤0.13 s (Figure 

6-5). For enantiomeric separations <10 s, even higher rates and lower times are needed. 

If one is simply screening samples and concentration is not a factor, the choice of 

detector settings are straightforward (e.g., 80 or 160 Hz). However, if is examining either 

very low amounts of an analyte or enantiomeric purities, the higher baseline noise (top 

curve in Figure 6-5) can obscure low level enantiomeric impurities (e.g., <1% and 

especially <0.1%) and decrease the accuracy and precision of the measurement. 
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Figure 6-5. Effect of detector sampling rate and response time on efficiency (N) and 

resolution (Rs) in ultrafast chromatographic separations. BINAM analyzed on CF7-DMP 
SPP (3 cm × 0.46 cm), MP = 90:10 heptane–ethanol, 4.0 mL/min, Tcol = 22 °C; 1 Hz = 1 

s–1. 

 
 

6.4.3 Extra Column Band Broadening Effects on Ultrafast Separations 

The efficiency of a chromatographic (Gaussian and non-Gaussian) peak is 

defined as: 

𝑁𝑜𝑏𝑠 =
𝑡𝑅

2

𝜎𝑜𝑏𝑠
2       ( 6-2 ) 

where Nobs  is the apparent efficiency, tR is the mean time of the peak and 𝜎𝑜𝑏𝑠
2  is 

the observed peak variance. The observed peak variance includes the band broadening 

contribution from the column and other components from the injector port to the detector 

flow cell. For any true measurement of the efficiency and high efficiency separations, 

extra-column effects should be minimized in the chromatography system. Assuming 

Gaussian peaks, the extra-column band broadening can be estimated by removing the 

column and connecting the injection port directly to the detector by a zero-dead volume 
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union using the same tubing connections. The peak widths at the baseline (4σ) can be 

determined by tangent method and converted into σ (in unit time) by dividing by 4. Thus, 

width at the base w = 4σ. The widths at the base (4𝜎) for first peak in Figure 6-6A and 

Figure 6-6B are 0.01677 min and 0.01310 min, respectively. When the column was 

removed and the tubings were connected by a zero-dead volume union, the peak widths 

were 0.00719 min and 0.00298 min for Figure 6-6A and Figure 6-6B configuration, 

respectively. This approach gives a simple way of estimating the variance. It is desirable 

that the ratio of the variance of the system and the peak variance (𝜎𝑟𝑎𝑡𝑖𝑜
2 ) observed with a 

column and the system be kept as small as possible. 

σratio 
2 = 

σsystem 
2

σcolumn+system 
2      ( 6-3 ) 

In this study, the moment analysis was used to account for the exact peak 

shapes of retained peaks and the peak without any column. By using moment analysis, 

same intrinsic efficiencies were obtained. The Agilent Chemstation Software calculates 

the second moment by the following relation: 

                                    𝜎2 = 𝑀2 =  
𝑑𝑡

2

𝑋
∑ ((𝑖 − 1 −

𝑌

𝑋
)

2

𝐴𝑖)
𝑁
𝑖=1   ( 6-4 ) 

                                 

where N = number of area slices, Ai = value of area slice indexed by I, 

∑ =𝑁
𝑖=1  sum of starting index 1 to final index N for discrete observations, dt = time interval 

between adjacent area slices, t0 = time of first area slice, X = ∑ 𝐴𝑖
𝑁
𝑖=1 , Y =  ∑ ((𝑖 − 1)𝐴𝑖)

𝑁
𝑖=1 . 

It is desirable that the ratio 𝜎𝑟𝑎𝑡𝑖𝑜
2 of the variance of the system and the peak variance 

observed with a column and the system should be kept as small as possible. The 

corrected peak variance was calculated as follows: 

                                                        𝜎2
𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 =  𝜎2

𝑜𝑏𝑠 − 𝜎2
𝑒𝑥𝑡𝑟𝑎   ( 6-5 ) 
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Finally, Nintrinsic was calculated using the 𝜎2
𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 in the efficiency equation as 

follows: 

                                                           𝑁𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 =
𝑡𝑅

2

𝜎𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
2     ( 6-6 ) 

It is well established that extra column band broadening is a concern when using 

short and/or narrow-bore columns that often are packed with smaller diameter particles, 

as in UHPLC.227 In this regard, chiral separations are no different, especially when doing 

ultrafast separations where it is essential to maintain high efficiencies. Figure 6-6 

illustrates this assessment. A “stock” UHPLC was tested (top chromatogram, Figure 6-6) 

and then the “extra column parts” of the instrument were replaced with smaller volume 

versions. Using the variance (σ2) calculated from second moment analysis, intrinsic 

column efficiencies were calculated in each case, reflecting the true column efficiency of 

4750 plates for a 20 s separation. The σratio
2 was also calculated using the relationship 

σratio
2 = σsystem

2/σcolumn+system
2. As can be seen, a complete system optimization produced a 

decrease in the extra column variance ratio from 26% to 3% and this resulted in an 

ultrafast enantiomeric separation that went from ∼71 000 plates/m and a resolution of 1.4 

to ∼94 000 plates/m and a resolution of 1.7. 
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Figure 6-6. Optimization of Agilent 1290 UHPLC for ultrafast separations by replacing 
stock parts with low extra column volume alternatives. Tröger’s base analyzed on CF7-

DMP SPP (5 cm × 0.46 cm), MP = 70:30 heptane–ethanol, 2.5 mL/min, Tcol = 22 °C. 
Percent extra column contribution is expressed as σratio

2 = σsystem
2/σcolumn+system

2. (A) Stock 
condition: stock injection needle and needle seat, 170 μm i.d. connection tubing (22 cm 
total) with IDEX 10-32 finger tight fittings, and a 1.0 μL detector flow cell. (B) Optimized 

conditions: ultralow dispersion needle and needle seat, 75 μm i.d. nanoViper connection 
tubing (22 cm total), 0.6 μL detector flow cell. 

 
 
6.4.4 Kinetic and Thermal (Frictional) Considerations 

Both the general topic of column efficiency and the more specific issue of 

frictional heating have been considered for columns containing small particles (e.g., <2 

μm diameter) and for narrow bore columns.256 Most of these studies focused on reversed 

phase C18 based column formats.257-261 There are few kinetic studies on small particle 

and SPP chiral stationary phases (CSPs) and none on the effect of frictional heating on 

these CSPs.65,66,229 As stated previously, CSPs are subject to the same thermodynamic 

and kinetic constraints as other column types. However, the manifestation of these kinetic 

terms can differ as much from one CSP to another as they do from conventional C18 or 

silica gel stationary phases. Likewise, the effect of frictional heating and column 

temperature gradients has been evaluated and discussed for C18 reversed phase 
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columns.257,259,261 For SPP-based CSPs, differences as well as any peculiarities can be 

revealed by any of the related kinetic plots (van Deemter, reduced van Deemter, or 

Knox).256 For the purpose of this discussion, we will use the standard Giddings’ coupled 

van Deemter equation of: 

                                   𝐻 =  
𝐵

𝑢
+  𝐶𝑆𝑢 + 𝐶𝑆𝑀 +  (

1

𝐴
+

1

𝐶𝑀𝑢
)

−1
  ( 6-7 ) 

 
where H is the height equivalent to a theoretical plate, A is the eddy dispersion 

term, B is the longitudinal diffusion term, CS is stationary phase mass transfer, CSM is 

mass transfer in the stagnant mobile phase (sometime treated as “short range” eddy 

dispersion), CM is the moving mobile phase mass transfer term, and u is the linear 

velocity (m/s) of the mobile phase.6 

Figure 6-7 shows four unique sets of van Deemter plots done in the (A) polar 

organic mode, (B) normal phase mode, and (C and D) in the reversed phase mode under 

two different temperature conditions. Each set of curves contains one pair of enantiomers 

and at least one achiral test molecule. The experimental conditions are given in the 

legend. The solvent temperature at the column outlet was measured at different linear 

velocities and mobile phase modes (see the Experimental Section and Appendix A). 
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Figure 6-7.  van Deemter plots for chiral and achiral analytes in polar organic mode, 

normal phase, and reversed phase on 2.7 μm SPP CSPs. (A) CF6-P SPP (10 cm × 0.46 
cm i.d.), MP = 80:20:0.3:0.2 acetonitrile–methanol–TFA–TEA, Tcol = 25 °C 

(thermostated). (B) CF7-DMP SPP (10 cm × 0.46 cm), MP = 90:10 heptane–ethanol, Tcol 
= 25 °C (thermostated). (C) Teicoplanin bonded SPP (5 cm × 0.46 cm), MP = 90:10 

water–methanol, Tcol = 25 °C (thermostated). (D) Tcol = 22 °C (not thermostated), other 
conditions were identical to part C. See the Appendix A for temperature effects on 

selectivities. The k values reported are for a flow rate of 1 mL/min. 

 
 

The “polar organic” plots in Figure 6-7A indicate what some would consider to be 

a normal “well behaved” system. The achiral void volume marker (1,3-dinitrobenzene) 

has the lowest H at all linear velocities above ∼0.5 mm/s and the flattest rise at higher 

velocities. The least retained (first eluted) enantiomer and a retained achiral analyte 
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(nicotinamide) had almost identical efficiencies at all linear velocities and similar, slightly 

greater slopes at higher linear velocities. The most retained enantiomer is generally 

thought to have the greatest resistance to stationary phase mass transfer as it is subject 

to a greater number of associative stereochemical interactions and often reorientation of 

the enantiomer.244,262 This appears to be so as the Hmin is at a slightly lower linear velocity 

for the second enantiomer compared to the first enantiomer and the achiral probe, 

indicating an increase in the CS term. 

Figure 6-7B shows the analogous plots for the enantiomers of Tröger’s base as 

well as retained and unretained achiral probe molecules in the normal phase mode. The 

relative kinetic behaviors of these molecules are quite different than those in Figure 6-7A. 

The plots of the enantiomers are almost identical at all linear velocities. However, this 

behavior is believed to be related to two different things, one of which relates to the 

stereochemical recognition mechanism while the other is related to general column 

properties. The similar kinetic behaviors of the two enantiomers indicate that chiral 

recognition is likely due to the presence of repulsive (steric) interactions rather than 

multiple associative interactions with one of the enantiomers. For example, the minimum 

3-point of interaction needed for chiral recognition could come from one associative 

interaction plus 2 steric interactions with one of the enantiomers. The only requirement of 

this model is that the total energy of association be greater than that of the combined 

steric repulsive interactions. Such systems have been proposed previously, but this is the 

first time kinetic data has been used to support such a scenario.244,262 

Also important is the relative behavior of the retained and unretained achiral 

analytes in Figure 6-7B which is opposite to that in Figure 6-7A. The unretained void 

volume marker (1,3,5-tri-tert-butylbenzene) has worst efficiency at all linear velocities but 

a flatter rise than the enantiomers at higher linear velocities. The retained achiral 
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molecule (1,3-dinitrobenzene) exhibited the highest efficiency at all linear velocities and 

had the flattest rise at higher linear velocities. This type of behavior has been reported 

previously in a few instances for well packed, high efficiency columns.227,263 The van 

Deemter curves in Figure 6-7B were produced using a standard HPLC with a 

conventional injector, tubings, column compartment, and detector flow cell. When the 

extra column effects were minimized (Figure 6-6), the observed efficiencies of the 1,3,5-

tri-tert-butylbenzene and 1,3-dinitrobenzene were nearly identical. This clearly illustrates 

the pronounced effects of extra column band broadening on observed efficiencies in such 

van Deemter curves. Indeed, the highest efficiency column (CF7-DMP with a reduced 

plate height (h = 1.6)) was chosen for this example in an ultrafast format. Under these 

conditions, one must be aware at all times of extra column effects and how they can 

generate apparent anomalous behaviors.256 

Figure 6-7C,D is for the same reversed phase enantiomeric separation and the 

same retained achiral analyte (1,3-dinitrobenzene). The only difference in these two 

series of experiments was that the column in Figure 6-7C was in a thermostated, 

temperature controlled, “still air device” set at 25 °C, while for Figure 6-7D the column 

was in ambient conditions (22 °C). It is well-known that teicoplanin chiral selectors 

strongly and selectively bind D-amino acid enantiomers and that this leads to greater 

resistance to mass transfer and broader peaks. This is confirmed by the upper plots for 

the more retained D-homophenylalanine in Figure 6-7C,D. Indeed no H minima vs linear 

velocity can be identified from these plots and the efficiencies are lower than those in the 

other mobile phase modes. It should be noted that such efficiencies can be greatly 

improved by judicious use of specific additives, but that is not the subject of this work. As 

in the polar organic mode, the curves for the first eluted (least retained) enantiomer and 
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the achiral retained analyte (1,3-dinitrobenzene) are quite similar to one another and both 

show minima in the 0.5–1 mm/s region. 

Perhaps the most striking aspect of these plots is the trend shown in Figure 

6-7D. At linear velocities higher than ∼2.5 mm/s, the efficiencies of both enantiomers and 

1,3-dinitrobenzene begin to improve significantly. This effect is most pronounced for the 

more retained D-homophenylalanine. It is well documented that two types of temperature 

gradients develop (axial and radial) when there is significant frictional heating.257,259,261,264 

Eluents with the heat capacity and density of mobile phases used in Figure 6-7 

(acetonitrile, heptane, and water) and operating pressures above 300 bar can easily 

generate axial temperature differentials of 10 °C.261 In fact, when the flow averaged 

temperature was measured at the column outlet at various linear velocities in three 

different modes, the axial temperature differences ranged from 11 to 16 °C (see the 

measured values in Appendix A). This axial variation in fast separations does not 

contribute to an increase in peak width. On the other hand, the peak efficiency is 

significantly affected by radial temperature gradients which change local viscosities, 

velocity profiles, and diffusion coefficients of analytes.261,264 A first order “approximation” 

of the maximum radial temperature difference ΔTR which can develop between the 

column center and the column wall is given by 

∆𝑇𝑅 =
𝑢(

𝑑𝑃

𝑑𝑧
)𝑅2

4𝜆𝑟𝑎𝑑
        ( 6-8 ) 

 
where u is the superficial flow velocity in m/s (obtained by dividing the volumetric 

flow rate by the total cross sectional area of the column), dP/dz the change in pressure in 

the direction of the column axis (z) per unit length in N/m3, R the column radius in m, and 

λrad is the approximate thermal conductivity of the mobile phase in the radial direction in 

W/m °C.264 
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For example, in the normal phase mode (Figure 6-7B), the thermal conductivity 

of the heptane–ethanol mixture is approximately 0.13 W/m°C.265 At low linear velocities, 

(1.67 mm/s or 1 mL/min, ΔP = 80 bar), the magnitude of the maximum radial temperature 

difference is 1 °C; however, as the linear velocity is increased to 5 mm/s (3 mL/min), the 

pressure drop is significant (250 bar), and the calculated maximal radial temperature 

gradient is 8 °C. Note that equation (2 – 8) is generally used for first order 

approximations, it has been shown that the calculated radial temperature gradients can 

overestimate the observed radial gradients because it ignores the compressibility of the 

eluent. Consequently the actual energy generated in the column is reduced by a factor of 

2/3.259 On the other hand, as in Figure 6-7D, when a water-rich mobile phase is in use 

(thermal conductivity of 0.55 W/m°C), a linear velocity of 1.67 mm/s (1 mL/min) 

generated a back pressure of 112 bar due to higher viscosity. The calculated value of 

ΔTR is only 1 °C, and at higher linear velocities, e.g., 5 mm/s (3 mL/min), a radial 

temperature difference of only 4 °C is developed. Also note than the axial temperature 

difference in Figure 6-7B,D was similar (∼12 °C). However, the data used in Figure 6-7B 

was from a thermostated column (walls ∼25 °C) while Figure 6-7D was not thermostated. 

Though, since heptane (Figure 6-7B) is far more compressible than water (Figure 6-7D), 

the energy produced is reduced by 2/3. However, it is clear from Figure 6-7D, that there 

are other factors, as in some chiral separations when resistance to mass transfer effects 

are more pronounced. In these interesting cases, such as a high thermal conductivity 

water rich mobile phase, the gain in efficiency from an improvement in mass transfer at 

higher axial temperature gradients is enough to visibly counter any smaller losses in 

efficiency due to radial temperature gradients and eddy dispersion. This possibility was 

noted early on by Halász261 and is apparent in Figure 6-7D. See the Appendix A for 
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detailed temperature measurements and calculations. It should be considered that this 

increase in column temperature from frictional heat also leads to reduced selectivity (See 

Table 6-4), as is expected.  

 

Table 6-4. Selectivity values for Figure 6-7 van Deemter Plots 

 Selectivity α 

van Deemter plot At 0.2 
mL/min 

At 3 
mL/min 

Figure 5A (CF6-P, 10cm SPP, thermostated at 25 
°C) 

1.37 1.36 

Figure 5B (CF7-DMP, 10cm SPP, thermostated at 25 
°C) 

1.35 1.32 

Figure 5C (teicoplanin, 5cm SPP, thermostated at 25 
°C) 

1.95 1.82 

Figure 5D (teicoplanin, 5cm SPP, non thermostated) 1.93 1.77 

 

6.5 Conclusions 

The results of this study, indicate that (1) SPPs are advantageous for ultrafast 

and high efficiency chiral separations, (2) enantiomeric separations on the order of few 

seconds are now feasible in all mobile phases with bonded brush type CSPs, (3) kinetic 

behaviors can sometimes be used to shed light on chiral recognition mechanisms, (4) 

CSPs can show quite different kinetic profiles from each other and from achiral systems, 

(5) ultrafast chiral separations require optimized detection and minimization of extra 

column effects, (6) frictional heating effects must be accounted for in ultrafast separations 

as they can manifest themselves in disparate ways and to different degrees for various 

CSPs and mobile phase modes, (7) efficiencies and separation speeds for chiral analytes 

can now exceed those in capillary electrophoresis. Also it is feasible to expect that (8) 

SPPs may be advantageous for preparative separations when their high efficiencies, 

faster analyses times, and reduced solvent consumption compensate for lower chiral 

selector loading, (9) ultrafast SPP-CSPs may be attractive as the second dimension in 
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2D-LC because of their greater selectivity and orthogonality to conventional achiral 

stationary phases, and (10) real-time monitoring of product formation in asymmetric 

synthesis is possible with ultrafast chiral separations. 
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Chapter 7  

Salient Sub-Second Separations Approaching the Speed of Sensors 

7.1 Abstract 

Sub-second liquid chromatography in very short packed beds is demonstrated as 

a broad proof of concept for chiral, achiral, and HILIC separations of biologically 

important molecules. Superficially porous particles (SPP, 2.7 μm) of different surface 

chemistries, namely, teicoplanin, cyclofructan, silica, and quinine, were packed in 0.5-cm 

long columns for separating different classes of compounds. Several issues must be 

addressed to obtain the maximum performance of 0.5 cm columns with reduced plate 

heights of 2.6 to 3.0. Modified UHPLC hardware can be used to obtain sub-second 

separations provided extra-column dispersion is minimized and sufficient data acquisition 

rates are used. Further, hardware improvements will be needed to take full advantage of 

faster separations. The utility of power transform, which is already employed in certain 

chromatography detectors, is shown to be advantageous for sub-second 

chromatography. This approach could prove to be beneficial in fast screening and two-

dimensional liquid chromatography. 

 
7.2 Introduction 

One of the basic tenets of separation science is to achieve adequate resolution in 

the shortest possible time. Not surprisingly, the relative meaning of “shortest possible 

time” has evolved over five decades, where early separation of biological molecules in 

30–60 min was once considered fast liquid chromatography.34,266 By current standards, 

ultrafast liquid chromatography is usually considered as sub-minute separations—

although the lower limit will continue to decrease with developments in smaller particle 

synthesis, improved packing technologies, design of the column hardware, and peak 
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detection methods.52,105 Recently, researchers have shown unprecedented separation 

speeds of 4–5 s in packed beds by using high efficiency particles for both achiral and 

chiral separations in liquid chromatography as well as supercritical fluid 

chromatography.45,52,70,127,215,267 It is not uncommon to obtain plate heights H < 2dp (dp = 

particle diameter) with superficially porous particles (SPP) or fully porous sub-2-μm 

particles with exceptionally narrow size distribution.268 The excellent performance of the 

former arises from lower contributions to eddy dispersion in the band broadening 

processes.269 These efficiencies are providing an impetus to separation scientists to push 

the boundaries of analysis speed by utilizing very short columns. Ultrafast liquid 

chromatography is a very promising approach for high throughput screening methods270 

or in two-dimensional chromatography of complex samples where it is necessary to have 

high speed separations in the second dimension. 271-273 

To date, ultrahigh speed separations of a few seconds or as low as milliseconds 

have been achieved in special electrophoretic microchip plates or in capillary zone 

electrophoresis. 274-277 Other approaches such as shear driven chromatography and wide 

bore hydrodynamic separations have also shown some promise in this regard.278,279 

Special detection technologies were employed such as on-column detection followed by 

image processing to extract the peak profile.275,280 Handling of rapidly eluting peaks in the 

domain of conventional liquid chromatography is currently hindered by extra-column 

dispersion and even the data sampling rates on many commercial UHPLCs. The ideal 

chromatographic output from extremely high efficiency columns and fast eluting peaks is 

convoluted by several factors. The shape of the injector pulse, the cup-flow distribution 

pattern of the inlet and outlet frits, diffusion and mixing in plumbing unions, flow profiles in 

the tubings, data sampling rate, and embedded noise suppressing algorithms in any 

chromatographic setup all affect the true peak shape in deleterious ways.105,281 Second, 
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in the majority of UHPLCs, the maximum flow rate is limited to 2–5 mL/min, which is 

another factor limiting separation speed. 

The aim of this work is to analyze the conceptual and practical aspects of sub-

second separations on state of the art ultrahigh performance instruments using 0.5 cm 

packed columns with 2.7 μm SPP particles. We discuss and propose simple instrumental 

modifications and simple mathematical approaches allowing chromatographers to 

circumvent the challenges in ultrafast LC (vide supra) and obtain sub-second 

separations. The shortest possible analytical column dimensions available commercially 

(0.5 × 0.46 cm i.d.) are used with four different chemistries (silica, cyclofructan-6, 

teicoplanin, and quinine bonded phases). These column chemistries are compatible with 

normal, reversed phase, HILIC, and polar organic/ionic modes and are used for a broad 

proof of concept. The polar organic mode uses ACN as a major component of the mobile 

phase, while MeOH is used to adjust the retention time with small amounts of acid/base 

additives to modify the selectivity. 

 

7.3 Experimental 

7.3.1 Materials 

All HPLC solvents, buffers, and analytes were obtained from Sigma-Aldrich (St. 

Louis, MO). The 2.7 μm superficially porous particles with 1.7 μm core diameter and 0.5 

μm shell thickness were provided by Agilent Technologies (Wilmington, DE). Surface 

area of the particles is 120 m2/g, and pore diameter is 120 Å. Mobile phase compositions 

are given as volume/volume (v/v). The pH and mobile phase additive concentrations are 

given for the aqueous portion of the mobile phase before mixing with an organic modifier, 

and all experiments were conducted at room temperature. 

 



 

177 
 

7.3.2 Stationary Phases 

The stationary phase materials were synthesized by AZYP LLC (Arlington, TX). 

Teicoplanin, cyclofructan-6, and quinine-based stationary phases were prepared 

according to the reported methods.10,16,94 The stationary phase material was either 

packed into 0.5 cm × 4.6 mm i.d. empty guard columns by Agilent Technologies, 

(Wilmington, DE) or packed in our laboratory using dispersed slurry techniques and 

pneumatic pumps. Superficially porous silica (2.7 μm) guard columns were purchased 

from Agilent Technologies. As reported earlier,52 it was found that dispersed suspensions 

of core–shell particles produced optimum results with pressures of 10 000 psi. These 

pressures were necessary to stabilize the bed against high flow rates (5 mL/min max on 

the UHPLC) for sub-second chromatography. For further characterization of the column 

volume (and to estimate the dead times), pycnometry was performed using the density 

difference method with water and methanol (n = 3).16 The dead volumes of the column 

were found to be 75, 69, and 75 μL for SPP silica, SPP teicoplanin, and SPP quinine, 

respectively. Therefore, at 5 mL/min, the average dead time of the SPP guard column (in 

Agilent’s hardware) would be 0.83 to 0.89 s. These dead times are consistent with the 

elution time of acetone under HILIC mode conditions. 

 
7.3.3 Instrumentation 

The Agilent 1290 UHPLC is equipped with a degasser, quaternary pump, 

autosampler, temperature controlled column compartment, and diode array detector. The 

instrument was controlled by OpenLabs CDS ChemStation software (Rev. C.01.06 [61], 

Agilent Technologies 20012014) under Microsoft Windows 8.1. In order to operate the 

instrument at the highest flow rate possible (5.0 mL/min, without pressure restriction), the 

in-line filter was removed. The pump outlet was directly connected to a presaturator 
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column (5 × 0.46 cm i.d.) filled with silica (M.S. Gel, D-50-120A, AGC SciTech Co., Ltd.). 

This column has two roles (a) to act as a filter and (b) to saturate the incoming mobile 

phase with dissolved silica before it hits the analytical column. This process ensures the 

long life of a column without any back-pressure. The autosampler and the column oven 

were bypassed. The presaturator column outlet was then connected to a Rheodyne 7520 

manual injector (Rheodyne LLC, Rohnert Park, CA) with an internal loop size of 1 μL. Full 

loop injections were made. The Rheodyne was connected to the column via 7 cm × 75 

μm Nanoviper tubing and the column outlet was directly inserted into the UHPLC detector 

flow cell. The column consists of a 0.5-cm-long barrel with a permanently sealed frit at 

one end followed by a 3 cm × 120 μm stainless steel extension. The detector has a 

dispersion volume V(σ) of 1 μL (G4212–60008). Although smaller flow cells are available 

(0.6 μL dispersion), there is potential of bursting the flow cell with compressible mobile 

phases at high flow rates. The retention times were determined with respect to the 

pressure pulse generated by manual injection. 

 

7.3.4 Data Processing 

Peak deconvolution and fitting of the peaks as exponentially modified Gaussians 

(EMG) and moment analysis were performed on PeakFit software v4.12. 

7.4 Results and Discussion 

7.4.1 Preparation and Characterization of Short 0.5 cm x 0.46 cm i.d. Columns 

In order to achieve sub-second liquid chromatography, short 0.5 cm columns 

were chosen. There is a question of which column diameter is best. Potentially, the 

narrow i.d. columns (0.21 or 0.30 cm i.d.) would provide very high superficial linear 

velocities at the maximum flow rates in the UHPLC; e.g., at 5 mL/min the superficial 

linear velocities in 0.46, 0.30, and 0.21 cm i.d. columns would be 0.501, 1.17, and 2.40 
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cm/s, respectively. It might appear that the 0.21 cm i.d. format would be the most suitable 

diameter for ultrafast separations. Unfortunately, the practical difficulties encountered in 

packing a 0.21 cm i.d. column and minimizing the extra-column effects override the 

benefits of narrow bore columns currently. Even in the long column format for 

superficially porous particles, the 0.21 cm i.d. columns achieve about 60% of the plates of 

the 0.46 cm i.d. format. For further work, 0.5 cm × 0.46 cm i.d. columns were chosen for 

slurry packing, since the wall effects are virtually negligible in 0.46 cm i.d. columns. 

 

7.4.2 Is the Sampling Frequency Available for Sub-Second Chromatography? 

For sub-second chromatography, it was necessary to simulate the separation 

and assess the required sampling frequency based on the efficiencies observed in the 

0.5 cm columns. Shannon’s theorem dictates that in order to accurately capture the 

analytical signal, the minimum sampling frequency must be equal to twice the maximum 

frequency components in the signal being acquired.282 In Figure 7-1A, we simulate two 

sub-second Gaussian peaks in the presence of root-mean-square noise of ±0.06 units. 

This is the typical noise expected in a modern UV UHPLC detector. The plate counts of 

0.5 cm column (150–200 per second) were set on the basis of realistic numbers obtained 

under very high flow rates (∼5 mL/min). In order to extract the frequency components of 

such signals, Fourier transform (FT) of this simulated chromatogram was done. As the FT 

shows, >95% of the useful chromatographic information is under 15 Hz. Shannon’s 

theorem guides us to sample the data at a minimum of 2 × 15 Hz; therefore, 40 and 1000 

Hz should be sufficient as shown in Figure 7-1C and D. Note the number of points is less 

than 20 points per peak in the 40 Hz chromatogram. Two modern UHPLCs can sample 

the data up to 160 to 250 Hz, respectively. In the near future, ever higher efficiencies are 

likely in very short columns, and then even these sampling frequencies and response 
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times may be insufficient in sub-second chromatography. The Agilent’s UHPLC employed 

here couples the sampling frequency with a rather sophisticated undisclosed digital filter 

which behaves very closely to a centered moving average with Gaussian weights.105  

 
Figure 7-1. Computer simulation of a sub-second separation with RMS noise of ±0.06 

under a second in (A) time domain, (B) frequency domain via Fourier analysis, (C) time 
domain signal at 1000 Hz of sampling frequency, and (D) time domain signal at 40 Hz of 

sampling frequency. Computer simulations are done with OriginPro 2015 (Origin Lab 
Corporation, MA). 

 
7.4.3 Hardware Considerations in Sub-Second Chromatography 

To achieve ultrafast separations in packed 0.5 × 0.46 cm i.d. columns, packing 

approaches and extra-column dispersion of UHPLC needed extensive optimization. The 

most convenient approach to making very short columns is to pack the superficially 

porous particles in available (empty) guard columns using dispersed slurry techniques.57 

On the basis of the previously optimized hardware52 (low dispersion UHPLC autosampler, 

25 cm × 75 μm tubing, and 1 μL detector), 600–700 plates at optimum flow rates (0.8 

mL/min) were considered as well-packed columns. This efficiency (N) corresponds to H ∼ 
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2.3dp to 3.0dp without subtracting any source of dispersion. For column lengths of 0.5 cm, 

the extra-column dispersions on any state of the art UHPLC cannot be ignored.266 

Assuming all the extra-column volumes behaved as a perfect mixer,266 the extra-column 

variances were estimated to be 2.2 μL2. The second moment analysis also confirmed that 

the extra-column variance was only ∼11% of the chromatographic peak variance at low 

flow rates. Despite this ultralow dispersion, there is an additional fundamental challenge 

with very short connection tubings (3 and 7 cm) employed in this work. Indeed, the Aris-

Taylor Gaussian dispersion breaks down because of short residence time of the analyte 

in the tubings.283 The eluting peaks (in the absence of column) were observed to produce 

non-Gaussian tailing profiles, as predicted by Golay along with a “foot” at the tailing 

end.283 The “foot” or the hump is marked with an arrow in Figure 7-2C. It is interesting 

that this peak shape fits neither an exponentially modified Gaussian (EMG) nor other 

empirical versions of peak fitting software (PeakFit v 4.12) such as the “Half Gaussian 

Modified Gaussian (GMG)” models or their hybrids (EMG-GMG). Obviously, even those 

relatively poor fit models (R2 ∼ 0.98) show that the second moment is higher in terms of 

square microliters than the second moment at low flow rates (0.8 mL/min). Similar peak 

shapes with a “foot” in the tailing region without columns were reported by Gritti et al.284 

The tailing envelope may be superimposed on the band profile eluting from very short 

columns. A simple but elegant approach for overcoming such fundamental challenges in 

sub-second chromatography is outlined in the last section of this article. 
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Figure 7-2. Demonstration of effect of extra column effect originating from short 

connection tubing. Chromatographic conditions: column, 0.5 cm × 4.6 mm i.d. 2.7 μm 
core–shell silica guard column (Agilent Technologies); mobile phase, ACN/water (80:20); 

analyte, thymine; connection tubing, 70 mm × 75 μm i.d. NanoViper (A) at 0.8 mL/min 
without the column, (B) at 0.8 mL/min with the column, (C) at 5.0 mL/min without the 

column, and (D) 5.0 mL/min with the column (second moments are given with the 
corresponding peak). 

 
7.4.4 Examples of Sub-Second Chromatography 

Examples of several different chiral and nonchiral sub-second separations in 

various chromatographic modes are given in Figure 7-3. Baseline sub-second 

separations are more easily achieved when the first analyte elutes before the dead time, 

e.g., due to Donnan exclusion. The separation window becomes small between the dead 

time and 1 s. However, this upper 1 s limit is arbitrary in this work, and ultrafast 

separations can be readily achieved in a few seconds.52 Using a flow rate of 5 mL/min, 

the dead time is estimated to be ∼0.8 s from pycnometric measurements on the silica 

column. Figure 7-3A shows the enantiomeric separation of N-(3,5-dinitrobenzoyl)-DL 

leucine on a SPP quinine phase. In Figure 7-3B, a HILIC mode separation of mellitic acid 

from benzamide is shown. Note that mellitic acid is repelled from the stationary phase. 

Similarly two dipeptides, Glu-Asp and Gly-βAla, are baseline separated on the teicoplanin 

bonded SPP column (Figure 7-3C). In Figure 7-3D, we show that it is possible to perform 

ultrafast screening by resolving three peaks (two sulfonic acids and a derivatized amino 

acid) under a second using the methods outlined in the next section. A doubly charged 

sulfonic acid is repelled from the stationary phase like mellitic acid. It is also important to 
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have retention time reproducibility for sub-second separations. Using the HILIC mode, six 

injections were made and retention times calculated for mellitic acid and 4-aminosalicylic 

acid. The percent RSD for the retention time of both peaks was found to be <2%. 

 
 

 
Figure 7-3. Sub-second chromatography on various stationary phases using 0.5 x 0.46 
cm i.d. columns (A) SPP Quinine, 70:30 (ACN/20 mM NH4CO2H), 5 mL/min; (B) SPP 

silica, 94:6 (ACN/15 mM NH4CH3CO2), 5 mL/min; (C) SPP Teicoplanin, 42:58 (ACN/20 
mM NH4CO2H), 5 mL/min; (D) SPP Teicoplanin, 70:30 (ACN/water), 5 mL/min. Data 

sampling rate 160 Hz. For parts A and D, see next section on power transforms. 

 
7.4.5 The Effect of “Power Transform” in Sub-Second Chromatography  

It can be noted that under ultrafast separations and short columns, the peaks are 

non-Gaussian (tailed) due to trans-column velocity biases in the tubings and frits as well 

as the particulate bed (vide supra). Additionally, if the peaks are eluting before the dead 

time (due to Donnan exclusion), the efficiencies of such peaks can be compromised. 

Under the highest flow rates available on the UHPLC (5 mL/min), the 0.5 cm SPP 

columns provided about 150 to 200 plates. Using the simplest expression for peak 

capacity in the isocratic mode, and where there is a possibility of a peak eluting before 

the dead time, we can write the peak capacity (P) for a sub-second separation in a time 

span of 0.4 to 1.0 s, with a chromatographic resolution of 1 as285 
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𝑃 = 1 + ∫
√200

4𝑡
𝑑𝑡 = 1 + (

√200

4
) (ln 1.0 − ln 0.4)  ≈ 4

1.0

0.4

 

Using the same approach for the peak capacity for analogous higher efficiency 

separations, it is determined that for N = 500, P = 6, and for N = 1200, P = 9. In Figure 

7-4, we demonstrate the full potential of fitting three peaks under a second in the HILIC 

mode. The resolution (∼0.6) is a result of the extra-column tailing effect alluded to above. 

The chromatographic profile of peaks can be deconvoluted into three exponentially 

modified Gaussians at 0.48, 0.68, and 0.93 s as shown in Figure 7-4B. It is clear from the 

peak fitting model that tailing is causing this lowered resolution. It is known that raising 

Gaussian functions to any power (n > 0) still maintains them as Gaussian functions with 

an effect of reducing their standard deviations. Thus, squaring or cubing the output signal 

yields a peak at the identical retention time but with a narrower width (See Figure 7-4). It 

can be shown mathematically that for Gaussian peaks, the efficiency directly scales as 

the power n and the resolution scales as √n.286 Such an approach is already embedded 

in some commercial detectors such as the evaporative light scattering detector without 

the user’s control.287 Recently, Thermo launched a UHPLC that allows the 

chromatographer to choose the power “n” to transform the chromatograms. 
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Figure 7-4. Application of power transforms in sub-second chromatography of three 
components (mellitic acid, 2,3-dihydroxybenzoic acid, and 4-aminosalicylic acid). (A) The 
original sub-second chromatogram. (B) Deconvoluted chromatogram into three 
exponentially modified Gaussian peaks. (C) Power transform with cubic of the original 
data. Column, 0.5 cm × 4.6 mm i.d. 2.7 μm SPP silica; mobile phase, ACN/15 mM 
ammonium acetate = 94:6 (v/v), 5 mL/min at 220 nm. 

 
Figure 7-4C shows that if the same chromatographic data (y ordinate) is raised to 

a power of 3, the same separation can now be baseline resolved into three components. 

This approach is a very powerful method for extracting information for ultrafast screening 

purposes from a low resolution chromatogram, which is indeed the main purpose of sub-

second chromatography. There is a caveat, however, in that the peak areas change in 

this power transformation as Apt = Ymax
n[σ√(π/n)], where Apt is the peak area after 

applying the power n, Ymax is the maximum amplitude, and σ is the standard deviation of 

the peak.286 Calibration curves constructed can be nonlinear if quantitation is desired. 

 

7.4.6 Optimal Column Geometries of Sub-Second Separations 

Performing ultrafast and sub-second separations requires the most optimized 

components in all aspects of chromatography from instrumentation, high-selectivity 

selectors, high-efficiency columns, and appropriate methods of separation. As the 

stationary phase or the column is the heart of any separation, it is crucial to determine the 

optimal column geometries that are beneficial for sub-second separations. A study was 

performed using 2.7 μm bare SPP silica packed in short columns of various geometries. 
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These columns were evaluated using van Deemter plot using cytosine as probe molecule 

in HILIC mode (Figure 7-5). The van Deemter plot showed an interesting observation in 

that the 0.3 cm i.d. columns performed ahead of the 0.46 cm i.d. columns as well as 0.21 

cm i.d. columns. Using a narrower diameter can offer higher linear velocities and 

opportunity to further reduce analysis times to obtain the sub-second separations. Note 

that reduce plate heights of 1.7-1.8 are obtained for 1.0 x 0.3 cm i.d. column which are 

exceptional for such short columns for bare silica.  

 
Figure 7-5. A van Deemter plot comparison of different column geometries packed with 
2.7 μm bare SPP silica operating under a HILIC mode. Mobile phase: 90/10 ACN/100 
mM NH4OAc, 254 nm. Column equilibrated at each flow rate for 3 min before injection. 

 
7.4.7 Applications of Sub-Second Separations 

The studies and examples discussed so far have involved probe molecules and 

analytes that are well behaved to demonstrate the proof-of-concept of the ultrahigh 

performance chromatography. To evaluate the practical applicability of sub-second 

separations, structurally and functionally related molecules also were separated. As the 

1.0 x 0.3 cm i.d. column geometry provided an optimal combination of efficiency and high 
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linear velocity, it was used with bare silica of 1.9 μm in size to obtain sub-second 

separation of nucleosides, plant hormones – cytokinins, plant hormones – auxins, and 

salicylic acid and derivatives (Figure 7-6). This is the first reported instance of multiple 

baseline separated analytes under a second in traditional liquid chromatography. Note 

that no resolution enhancement or peak treatment methods have been used in this figure 

and the separations are reported as obtained from the chromatograph. These ultrahigh 

performance columns can fill the great void that currently exists for suitable columns in 

2nd dimension in 2DLC or in on-line liquid chromatography where very fast separations 

are needed.  

 
Figure 7-6. Sub-second HILIC separations of structurally and functionally related analytes 

on bare 1.9 μm SPP silica packed in 1.0 x 0.3 cm i.d. columns. (A) nucleosides, 8.0 
mL/min flow rate, (B) plant hormones – cytokinins, 7.9 mL/min flow rate, (C) plant 

hormones – auxins, 7.9 mL/min flow rate, (D) salicylic acid and derivatives, 7.9 mL/min 
flow rate. Method: 90/10 ACN/100mM NH4OAc mobile phase, 254 nm UV, 250 Hz 

sampling frequency, 0.0 s detector response time.  

 
The sub-second chiral separations also were performed using teicoplanin and 

quinine based stationary phases packed in 1.0 x 0.3 cm i.d. columns (Figure 7-7). The 
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ultrahigh efficiencies obtained from optimal column packing and very high selectivities of 

quinine based chiral selector offered the opportunity to further perform a sub-second 

separation of two chiral analytes (Figure 7-7E-F). With high peak capacity, sub-second 

separations can be practical to use in cases of samples contaminated with impurities or 

have solvent peaks and yet have baseline resolved separation of species of interest.  

 
Figure 7-7. Sub-second chiral separations on teicoplanin and quinine chiral selectors. 

The top row (A) 4-methyl-5-phenyl-2-oxazolidinone, (B) Lorazepam, and (C) Oxazepam 
were separated on teicoplanin bonded to 2.7 μm SPP packed n 1.0 x 0.3 cm i.d. column. 
Method: mobile phase - methanol, 7.5 mL/min flow rate, 220 nm. The bottom row (D) 2-
phenylpropionic acid, 90/10 ACN/100 mM HCOONH4 mobile phase, 7.85 mL/min, (E) 

DNB-phenylglycine and 2-phenylpropionic acid, 90/10 ACN/100 mM HCOONH4 pHa 7.4 
mobile phase, 7.7 mL/min, (F) FMOC-Val and 2-phenylpropionic acid, 90/10 ACN/200 

mM HCOONH4 pHa 6.8 mobile phase, 7.85 mL/min. 254 nm UV, 250 Hz sampling 
frequency, 0.0 s detector response time. 

 
To further explore the ultimate capability of these ultrahigh performance columns, 

a sub-second separation of 10 analytes was performed (Figure 7-8). This separation 

represents the potential for high-throughput separations where complex samples can be 
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analyzed in real-time. Figure 7-8A shows the 10 peak separation with extra-column band 

broadening effects removed using Fourier Transform deconvolution. This is the highest 

number of compounds to have been separated under sub-second regime in traditional 

liquid chromatography. When operating in such extreme conditions, it is important to note 

that the high detection frequency (250 Hz) and low detector sampling time become 

crucial to collect the intrinsic peak profiles. The high linear velocities offered by narrower 

diameter columns can truly be harnessed when paired with high flow rate UHPLC with 

low extra-column volumes to realize remarkable separations as seen below.  

 
Figure 7-8. A sub-second separation of 10 analytes in HILIC mode performed on 1.9 μm 
bare SPP silica packed in 1.0 x 0.3 cm i.d. column. (A) the apparent chromatogram from 

the analysis with extra-column band broadening removed using Fourier Transform 
deconvolution, (B) the apparent chromatogram sharpened with resolution enhancing 

technique of segmented sharpen based on derivatives. Mobile phase: 90/10 ACN/100 
mM NH4OAc, 8.0 mL/min flow rate, 254 nm UV, 250 Hz sampling frequency, 0.0 s 

detector response time. 

 
 
 

As the analytes are not baseline separated, a resolution enhancement technique 

was developed which is based on the derivatives and enhances the resolution of species 
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while keeping the peak properties intact (Figure 7-8B). The so called “segmented peak 

sharpening” method retains the retention time and peak are of the original chromatogram. 

Application of this resolution enhancement technique improves the resolution of all 

species to near baseline. Briefly, taking the 2nd derivative and 4th derivative of the 

chromatogram, multiplying them with certain arbitrarily chosen cofactors, and subtracting 

the new values from the original chromatogram results in a transformation with enhanced 

resolution of species. The cofactors are further optimized to obtain the desired 

chromatogram. Taking this concept further, the chromatogram can be divided in 10-20 

different segments with different cofactors applied on each segment, allowing a very fine-

tuned resolution enhancement that prevent peak distortion while retaining the peak areas 

and the retention time. This new resolution enhancement method will be covered in depth 

elsewhere. 

 
7.5 Conclusions  

The foundations of performing sub-second chromatography in small packed beds 

using superficially porous particles are outlined. Various modes of chromatography were 

demonstrated including reversed phase, HILIC, and chiral separations as a proof of 

concept. Detection and hardware challenges need to be further addressed. Although the 

sampling frequencies are adequate for the current efficiencies achievable in ultrafast 

chromatography, they may not be for future improved columns. The bigger challenge so 

far is the peak shapes due to non-Gaussian dispersion in short tubings, which can be 

circumvented by on-column injection and on-column detection technologies as is done in 

electrophoretic methods. Modern UHPLCs are limited to 2–5 mL/min flow rates at higher 

pressures (>500 bar), and this is less than desirable for these separations. Using power 

transforms on exponential functions (as those used for modeling peak shapes) is a very 



 

191 
 

simple way to improve peak shapes, reduce variances, and decrease noise in sub-

second screening. 
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Chapter 8  

General Summary 

8.1 Chapter 2 

New chiral HPLC methods were presented for the enantiomeric separation of a 

variety of biaryl atropisomers using heptane with ethanol as a polar modifier. The primary 

mechanism of retention is likely dipolarity/polarizability interactions between the 2,2′ 

functionalities of the biaryls and polar groups present on the derivatized cyclofructans. 

Selectivity was observed for 24 out of 30 probe analytes with 17 baseline separations 

using three different CSP's. The CF6-P CSP was the most successful with 15 baseline 

separations using simple mobile phases without the need for additives. When ethanol 

was used as a polar modifier, high efficiencies and good peak symmetries were 

observed. When propanol and butanol were used, selectivity was improved but band 

broadening and peak tailing were increased. All probes studied showed enthalpy-driven 

patterns and the trend in absolute enthalpies of the second eluting enantiomer matched 

the trend in selectivities observed for the three types of 2′,2-binapthyls. Future work will 

involve determining the energy barriers to racemization as well as modeling studies to 

determine the effects of different substituents on molecular hybridization and chiral 

recognition. 

 
8.2 Chapter 3 

Simple objective means to analyze total peak shapes and their departure from 

symmetry and Gaussian profile are proposed. An ExcelTM template is provided which 

automates the entire analysis. Assessment of peak shapes by single valued descriptors 

of peak shape such as USP tailing, skew, or kurtosis are inadequate because they do not 

give a complete picture of the overall peak shape. The derivative test is based on the 
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concept that if a peak is symmetric, their inflection points will be mirror images. The 

derivative test is a very sensitive test for the “presence” of asymmetry on any peak 

shape, even when the data is sampled at very high sampling rates up to 200 Hz. The 

signal to noise ratio should be high for the proposed tests (as is usually the case). The 

Gaussian test superimposes a Gaussian model on a normalized peak with its set of 

constraints and shows the problematic regions of the peak. The standard deviation is 

extracted from the upper section of the peak rather than the conventional half height 

approach. The proposed methods will be useful for researchers engaged in stationary 

phase development, column packing, or hardware design to achieve better peak shapes. 

The approach used in the Gaussian test is general and, in fact, can be used for testing 

the departure of any peak shape from the expected mathematical model. 

 
 

8.3 Chapter 4 

Herein a unified approach toward the science of making high efficiency 

reproducible packed columns was presented. Theoretical considerations and non-

Newtonian properties of suspensions were shown. The nonlinear viscosity behavior of 

suspensions can govern the nature of the packed bed (e.g., jammed state, shear 

thickened state etc.). Therefore, column packing can be considered as an ultrahigh 

pressure filtration process of a non-Newtonian suspension. After gaining experience from 

a range of nonpolar to polar stationary phases with modern SPP and FPP of narrow 

particle size distribution, a flowchart was developed to provide a logical progression of 

packing stationary phases of any chemistry. Illustrative examples were shown showing 

different packing phenomena and suspension properties. Results indicate that relatively 

concentrated nonaggregating suspensions usually produce better packed analytical and 

narrow bore columns regardless of the stationary phase chemistry. The best packed 
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reversed phase capillaries usually require aggregating solvents. More studies are needed 

for capillary columns using different stationary phases to generalize this phenomenon. 

New directions in colloidal crystals, 3D printing are laid out and the use of 

nonconventional approaches such as 3D printing and active-flow management are 

highlighted. Future work on quantitative suspension rheology is needed to understand 

and model the dynamics of the column packing process, a technology which will continue 

to evolve for several decades to come. 

 
8.4 Chapter 5 

Two new high-selectivity quinine based chiral selectors were bonded to 2.7 μm 

SPPs to create high-efficiency CSPs that were extensively characterized and compared 

with the analogous commercial 5 μm FPP based column in UHPLC and SFC. 2.7 μm 

SPP based quinine CSPs have significantly higher efficiencies and provide remarkably 

faster analysis times than the traditional 5 μm FPP based columns. High selectivity, high-

efficiency, and low retentions on the QHS 2.7 μm SPP CSP were exploited to obtain 

several rapid separations that are on the order of a few seconds which can dramatically 

improve the productivity in routine analyses. 2.7 μm SPP based columns were also 

shown to provide rapid analysis even with reduced counterion concentrations which can 

enable fast LC-MS analysis with ESI compatible mobile phases. Improved efficiencies 

also result in better signal-to-noise ratios which can make it possible to achieve lower 

LOD and LOQ values for biological samples analyzing N-blocked amino acids. 2.7 μm 

SPPs have relatively higher column permeability than sub-2 μm particles making it 

possible to take advantage of their performance in HPLC as well as UHPLC. Geometry 

independent kinetic plots and van Deemter plots showed the improved performance of 

2.7 μm SPPs over traditional 5 μm FPPs in HPLC and UHPLC conditions. 
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8.5 Chapter 6 

The results of this study, indicate that (1) SPPs are advantageous for ultrafast 

and high efficiency chiral separations, (2) enantiomeric separations on the order of few 

seconds are now feasible in all mobile phases with bonded brush type CSPs, (3) kinetic 

behaviors can sometimes be used to shed light on chiral recognition mechanisms, (4) 

CSPs can show quite different kinetic profiles from each other and from achiral systems, 

(5) ultrafast chiral separations require optimized detection and minimization of extra 

column effects, (6) frictional heating effects must be accounted for in ultrafast separations 

as they can manifest themselves in disparate ways and to different degrees for various 

CSPs and mobile phase modes, (7) efficiencies and separation speeds for chiral analytes 

can now exceed those in capillary electrophoresis. Also it is feasible to expect that (8) 

SPPs may be advantageous for preparative separations when their high efficiencies, 

faster analyses times, and reduced solvent consumption compensate for lower chiral 

selector loading, (9) ultrafast SPP-CSPs may be attractive as the second dimension in 

2D-LC because of their greater selectivity and orthogonality to conventional achiral 

stationary phases, and (10) real-time monitoring of product formation in asymmetric 

synthesis is possible with ultrafast chiral separations. 

 
8.6 Chapter 7 

The foundations of performing sub-second chromatography in small packed beds 

using superficially porous particles are outlined. Various modes of chromatography were 

demonstrated including reversed phase, HILIC, and chiral separations as a proof of 

concept. Detection and hardware challenges need to be further addressed. Although the 

sampling frequencies are adequate for the current efficiencies achievable in ultrafast 

chromatography, they may not be for future improved columns. The bigger challenge so 
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far is the peak shapes due to non-Gaussian dispersion in short tubings, which can be 

circumvented by on-column injection and on-column detection technologies as is done in 

electrophoretic methods. Modern UHPLCs are limited to 2–5 mL/min flow rates at higher 

pressures (>500 bar), and this is less than desirable for these separations. Using power 

transforms on exponential functions (as those used for modeling peak shapes) is a very 

simple way to improve peak shapes, reduce variances, and decrease noise in sub-

second screening. 
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Appendix A 

Supporting Information for Chapter 6 
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A1. Sizes of components on UHPLC instrument 

Table A 1. Instrumental parts that contribute to extra-column band broadening and their 
dimensions 

Parts Dimensions 

Agilent 1290 UHPLC stock needle 6.5 cm x 130 µm 

Agilent 1290 UHPLC stock needle seat 11 cm x 130 µm 

Agilent ultralow dispersion kit needle 6.5 cm x 75 µm 

Agilent ultralow dispersion kit needle seat 11 cm x 75 µm 

Stock steel tubings (total) 22 cm x 170 µm 

nanoViper capillaries (total) 22 cm x 75 µm 

Detector flow cell 0.6 µL 
 
 

A2. Temperature Measurements Data for Viscous Frictional Heating 

Table A 2. CF6-P (10 x 0.46 cm) packed with 2.7 µm SPP. Mobile phase = 80/20/0.3/0.2 
ACN/MeOH/TFA/TEA. Temperature measured at the column outlet (flow averaged 

temperature). Inlet temperature (~ 22 °C) was the same as ambient temperature in each case. 

Flow rate 
mL/min 

Pressure (bar) 
of the System 

Temperature (°C) of the 
Eluent at the Outlet 

0.5 45 23 

1.0 97 24 

1.5 151 26 

2.0 209 27 

2.5 271 29 

3.0 336 31 

3.5 408 32 

4.0 497 35 

4.5 582 37 

5.0 668 39 

 

Table A 3. CF7-DMP (10 x 0.46 cm) packed with 2.7 µm SPP. Mobile phase = 90 Heptane-10 
EtOH. Temperature measured at the column outlet (flow averaged temperature). Inlet 

temperature (~ 22 °C) was the same as ambient temperature in each case. 

Flow rate 
mL/min 

Pressure (bar) 
of the System 

Temperature (°C) of the 
Eluent at the Outlet 

3.0 354 34 

3.5 426 36 
 

Table A 4. Teicoplanin (5 x 0.46 cm) packed with 2.7 µm SPP. Mobile phase = 90/10 
Water/MeOH. Temperature measured at the column outlet (flow averaged temperature). Inlet 

temperature (~ 22 °C) was the same as ambient temperature in each case. 

Flow rate 
mL/min 

Pressure (bar) 
of the System 

Temperature (°C) of the 
Eluent at the Outlet 

0.5 109 25 
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1.0 226 27 

1.5 346 28 

2.0 468 30 

2.5 579 32 

3.0 681 34 

3.5 780 36 

4.0 > More than 
packing 
pressure 

N/A 

 

A2. First Order Approximation for Radial Temperature Gradient 

 

∆𝑇𝑅 =
𝑢(

𝑑𝑃

𝑑𝑧
)𝑅2

4𝜆𝑟𝑎𝑑
     (A - 1) 

                                                          
where 𝑢 is the superficial flow velocity in m/s (obtained by dividing the volumetric flow 

rate by the total cross sectional area of the column), dP/dz the change in pressure in the 

direction of the column axis per unit length in N/m3, R the column radius in m and λrad is the 

approximate thermal conductivity of the mobile phase in the radial direction in W/m°C. The 

equation (A - 1) can also be written as the following259 

                                                                                   ∆𝑇𝑅 =
𝐹𝑣∆𝑃

4𝜋𝜆𝑟𝑎𝑑𝐿
                           (A - 2) 

 

 
                                                              

Table A 5. First Order Approximation for Radial Temperature Gradient for Normal Phase 

Flow rate 

mL/min m3/s 

P (sys+col), 

bar 

P(sys),  

bar 

P (col), 

bar 

P(col), 

 Pa 

Length 

m 

Thermal 

Cond265  

(W/m oC) T  Max (oC) 

1.0 1.67E-08 105 25 80 8000000 0.1 0.1253 1 

2.0 3.33E-08 225 61 164 16400000 0.1 0.1253 3 

3.0 5.00E-08 364 107 257 25700000 0.1 0.1253 8 

3.5 5.83E-08 433 136 297 29700000 0.1 0.1253 11 

Mobile phase (v/v): 90 Heptane – 10 Ethanol. Column: CF7-DMP SPP. Dimensions: 10 cm x 

0.46 cm i.d. 
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Table A 6. First Order Approximation for Radial Temperature Gradient for Reversed Phase 

Flow rate 

mL/min m3/s 

P (sys+col), 

bar 

P(sys),  

bar 

P (col), 

bar 

P(col), 

 Pa 

Length 

m 

Thermal 

Cond265  

(W/m oC) T  Max (oC) 

1.0 1.67E-08 178 66 112 11200000 0.05 0.555 1 

2.0 3.33E-08 348 140 208 20800000 0.05 0.555 2 

3.0 5.00E-08 517 221 296 29600000 0.05 0.555 4 

3.5 5.83E-08 601 266 335 33500000 0.05 0.555 6 

Mobile phase (v/v): 90 Water – 10 Methanol. Column: Teicoplanin bonded SPP. Dimensions: 5 
cm x 0.46 cm i.d. 
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Appendix B 

Publication Information for Chapters 2-7 
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